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ABSTRACT OF THE DISSERTATION
Studies of Seismic Sources in Antarctica
Using an Extensive Deployment of Broadband Seismographs
by
Amanda Colleen Lough
Doctor of Philosophy in Earth and Planetary Sciences
Washington University in St. Louis, 2014
Professor Douglas Wiens, Chair
This dissertation is the first comprehensive study reporting the seismicity of Antarctica
utilizing year-round recordings from autonomous instruments installed on the continent itself. I
first examine the general seismic nature of the continent using locally deployed seismographs in
both East Antarctica and West Antarctica. I detect and locate seismic events using the traditional
first arriving impulsive P and S waves as well as events classified as 'slow' earthquakes with no
impulsive P-waves. I find evidence of tectonic events in East Antarctica (representing intraplate
earthquakes within a stable craton), icequake events in the Transantarctic Mountains (associated
with active alpine glaciers), and icequake events at calving glaciers along the coastline. In West
Antarctica I find tectonic earthquakes, icequakes, and tectonic events related to volcanism. I do
not find evidence of tectonic events in West Antarctica that would indicate rifting is currently
active. I also find two main sources of 'slow' seismicity: calving along Vanderford glacier and
tidally modulated stick-slip motion of the Whillans Ice Stream. I further examine two types of
events found through my review of the seismicity of Antarctica. I show that a cluster of events
located in West Antarctica near the Marie Byrd Land linear volcanic chain the Executive
Committee Range (ECR) are deep long period seismic events associated with the ongoing
xiv

volcanism of the ECR. I provide several lines of evidence including the age progression of the
exposed volcanic line as well as radar images featuring a recent ash layer supporting the
continued magmatic activity in the ECR. My final investigation is into a new type of icequake in
East Antarctica associated with wind-glazed small-scale crevasse features. The wave trains are
dominated by surface wave energy and an apparent lack of body wave energy. I demonstrate
that these events are sourced in the upper firn layers and can be used to determine firn thickness
in East Antarctica by inverting group velocity dispersion for shear velocity.

xv

Chapter 1
Introduction
In this thesis I tell the story of the seismicity of Antarctica. I find it fascinating that the
fifth largest continent in the world was not seen until 1820. No human set foot on Antarctica
until 1895 and the first humans did not reach the geographic South Pole until 1911. We have
only been studying this continent for slightly more than a century, and seismology is even further
behind. The earliest published seismological studies follow the installation of 12 seismographs
during the International Geophysical Year (IGY) in 1957; coincidently an IGY expedition first
discovered the subglacial Gamburtsev Mountains. The first definitely located earthquake from
the continental interior was recorded in 1982 (Adams, Hughes, and Zhang, 1985). Seismology as
a whole is a fairly young science, but Antarctic seismology is barely out of its infancy. I have
observed the rapid progress in equipment and techniques during my career alone. With each
year we installed, serviced, and eventually removed the stations we implemented small
improvements. The equipment in my project over the Gamburtsev Mountains (GAMSEIS) was
an improvement over the equipment used in the Transantarctic Mountains Seismic Experiment
(TAMSEIS) only four years earlier. The story of Antarctic seismicity is still evolving and this
thesis represents the first continent-wide study using locally collected data (as distinguished from
teleseismically recorded data) to identify and locate seismic events. This study is a starting point
for future studies, both on the general seismicity of Antarctica and investigating interesting
regions and events.
In Chapter 2 I present the general seismicity of Antarctica as recorded from 2009-2010. I
identify both typical high frequency seismic events and 'slow' low frequency seismic events. We
1

see seismic events across the entire continent although we are still somewhat limited by our
station configuration. POLENET/ANET along with GAMSEIS represents the most broadband
seismographs ever deployed concurrently across Antarctica, but these two deployments still do
not cover (even including permanent GSN stations) the entire continent. I further classify events
as tectonic or icequakes, although many events can only be classified as likely one or the other or
cannot be conclusively classified at all. We observe events from areas previously identified with
teleseismic data and many more from areas unknown to produce any sort of seismicity. The
most exciting aspect of this study is that it serves as a spring-board for future work, including
work presented in this thesis. In Chapters 3 and 4 I present more detailed studies and
interpretations of seismic events discovered during the study of the general seismicity.
In Chapter 3 I present work (already published in slightly different form in Nature
Geoscience) exploring a newly discovered volcanic complex in Marie Byrd Land. While
cataloging the seismicity of West Antarctica for 2010 I noticed an unusually large number of
events locating near the same spot and yielding unusually deep depths. The waveforms were
also quite distinctive and soon I was able to identify such events immediately upon visual
inspection. We looked at satellite imagery and could see several volcanoes nearby but they
were more than 50 km distant. We finally looked at the bed topography and noticed the
volcanoes actually formed a linear chain (the Executive Committee Range or ECR) that
continued beneath the ice towards the location of our events. We further realized the volcanoes
became progressively younger as they approached our cluster of events. It was apparent the
seismic events could be related to the volcanic chain. As volcano seismology is not a specialty
of anyone at Washington University, we sent samples of our waveforms to a volcano
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seismologist who was able to confirm our events were most likely deep long period (DLP)
events.
Chapter 3 presents the evidence supporting our interpretation of the earthquakes as
volcanic DLP events, indicating the presence of an active magmatic system beneath the ice sheet.
Subglacial topography and a recent ash layer suggest the system has erupted in the past and
continued seismic activity indicates it will most likely erupt in the future. In Chapter 3 we
present some basic calculations of the energy that would necessary for an eruption to break the
overlying ice as well as a basic calculation of the additional influx of basal discharge from a
typical sized eruption. An eruption in the ECR would most likely not be energetic enough to
breech the entire ice column, however a subglacial eruption would cause an increase in basal
melting of the overlying ice sheet but it still remains to be seen what the effect of such an change
in discharge would be on the ice sheet system.
Chapter 4 also details the investigation of unusual events discovered while cataloging the
general seismicity of Antarctica. During my study I was assisted by two undergraduate
researchers who helped with the picking of arrivals times. Each of these researchers found
signals with unusual waveforms they could not locate with either a global or local velocity
model. We soon realized we could locate these events by assuming a Rayleigh wave velocity in
ice, and determined the odd waveforms were actually short period Rayleigh waves traveling in
the ice layers. Since they were traveling at such a reduced velocity compared to the P or S
velocity used by our programs there was no chance we would have been able to determine an
accurate location with the traditional location algorithms. In Chapter 4 I further explore these
events by calculating statistics on the events themselves (such as magnitude and location
3

uncertainty), determining dispersion curves, inverting for shear velocity structure, and finally
basic synthetic modeling.

Chapter 4 presents the discovery of a new type of event characterized

by sources in the upper firn layer that are most likely related to crevasses, local magnitudes
around ML 1.5 (although potentially as small as ML 0.39 or as large as ML 2.92), waveforms
with no body wave energy but strong surface waves, raypaths entirely within the glacial ice, and
complicated source geometries.
In essence this thesis represents a body of work that will stand as a foundation for future
work. Chapter 2 has already lead to two additional studies: Chapter 3 and Chapter 4. It is my
sincerest hope that future researchers (especially graduate students) will be able to build on my
work and produce exciting new results.
References
Adams, R.D., Hughes, A.A., and Zhang, B.M. (1985) A confirmed earthquake in continental
Antarctica. Geophysics Journal of the Royal Astrological Society, 81, 489-492.
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Chapter 2
Seismicity of Antarctica
Abstract
Antarctica has traditionally been thought to demonstrate a low level of seismicity,
partially due to a lack of seismic stations on the continent itself. We review data collected by the
first extensive year-around autonomous seismic deployments to identify and locate local
earthquakes, icequakes, and other seismic events for the period 2009-2010. We locate both
typical high frequency events by identifying impulsive, first-arriving P-waves and low frequency
'slow' earthquakes by using time-reversal back projection in a lower frequency band (0.01250.033 Hz). We observe events resulting from glacier calving (such as at Vanderford Glacier),
icequakes from glaciers (such as David and Mulock Glaciers), tectonic events (from both the
East Antarctic Craton and Marie Byrd Land), events associated with Marie Byrd Land
volcanism, other ice related events in Marie Byrd Land, and events with no conclusive
classification. Most low frequency events are from the well-documented Vanderford Glacier
calving or Whillans Ice Stream periodic slip. We also see several isolated slow events in Marie
Byrd Land. We conclude that Antarctica experiences a higher level of small magnitude seismic
activity than previously thought and produces several unique types of ice seismicity. The ice
seismicity observed in Antarctica shows it is quite different from other glaciated areas (such as
Greenland or alpine glaciers in Alaska and other areas) and deserves further intensive study with
locally collected data.

5

2.1 Introduction
Antarctica is covered by the world's largest ice sheet and is the setting of many alpinetype glaciers in its mountainous regions. Seismic activity has been observed on many alpine
glaciers throughout the world and on the Greenland ice sheet (Ekström, 2006; Nettle and
Ekström, 2010; Barruol et al., 2013; Bartholomaus et al., 2012; Mikesell et al., 2012). However,
until recently seismic studies on Antarctica have been extremely limited in extent and duration
(Bannister and Kennett, 2002; Lawrence et al., 2006). With the advances in technology and
international cooperation we are now able to install seismic equipment over previously
uninstrumented parts of the continent. Therefore we are now able to determine the levels of
seismicity for individual regions and potentially discover new types of ice related seismicity. In
the past decade new forms of seismicity have been detected with fairly coarse station coverage
(Wiens et al., 2008), so it is entirely likely that with a denser station coverage we will find
examples of previous unknown waveforms resulting from unique source parameters. The recent
deployment of year-around arrays of broadband seismographs in Antarctica make suitable
datasets for regional seismicity studies available for the first time.
Studies of Antarctic seismicity can help researchers answer key questions about the
tectonics of Antarctica and the physics of ice movement. By understanding the seismic nature of
the stable East Antarctica cratonic shield and comparing the seismicity rate to other cratonic
shields we can come to a greater understanding of the intraplate deformation in Antarctica,
which can be difficult to ascertain given the limited rock exposure. Studies of Antarctic
seismicity based solely on teleseismic data and even the coastal GSN stations (Reading, 2007;
Reading, 2002; Okal, 1981; Adams and Akoto, 1986) only record the largest earthquakes, so
large regions of Antarctica are poorly understood from a seismic perspective. The incomplete
6

catalog has been unable to sufficiently answer questions about the tectonics of the continent
underlying the ice sheet such as the possibility of active rifting in either the Ross Sea or the West
Antarctic Rift System (WARS; Winberry and Anandakrishnan, 2004; Winberry and
Ananadkrishnan, 2003). A greater understanding of the seismicity of Antarctica can also help us
gain more knowledge about the physics of ice movement. Numerous studies have used local
Antarctic seismicity to try to understand ice movement, but few have had access to
geographically and temporally extensive seismic data (Zoet et al., 2012; Anandakrishnan and
Alley, 1997; Walter et al., 2011; Barroul et al., 2013; Heeszel et al., 2014; Danesi, Bannister, and
Morelli, 2007; Blankenship et al., 1987; Anandakrishnan and Bentley, 1993). With access to a
geographically extensive multi-year seismic data set it will be possible to develop a full catalog
of Antarctic seismicity and gain insight into some of the continued mysteries of Antarctica.
The purpose of this study is to compile a comprehensive catalog of seismic events for the
2009-2010 time period using local data (Fig. 2.1). Areas of high seismic activity can be
identified as potential locations for further exploration. For example, in this study we identified
a cluster of events we determined are related to volcanic processes, after our initial identification
the region is now ideal for future research projects (Lough et al., 2013; Chapter 3). This catalog
will also prove valuable to those studying specific seismic processes in Antarctica. Researchers
interested in a particular area of the continent can easily find appropriate events without having
to search them out or rely on the global catalogs that miss the majority of events (Fig. 2.2). This
study expands on previous work cataloging the areas of Antarctic seismicity (Okal, 1981;
Reading, 2002; Reading, 2007; Kaminuma, 2000; Kaminuma, 2006), and it in itself is a starting
point for future studies. While this study examines the seismicity of the entire continent, the
results are limited by the detection and location capabilities of the arrays and permanent stations
7

we are using. So results are limited in some regions farther from our arrays, such as the
Antarctic Peninsula, and we will concentrate our analysis on the regions where more seismicity
is recorded (Fig. 2.1).
2.1.1 Geology of Antarctica
The geologic history of Antarctica is quite complex beginning with its formation as a
nucleus within the supercontinent Gondwana during the Cambrian (Boger, 2011). What would
become Antarctica underwent multiple episodes of accretion and rifting as part of Gondwana
until finally undergoing a series of splitting events resulting in the modern day Antarctica during
the Cretaceous (Boger, 2011). Rifting in West Antarctica occurred in several stages beginning in
the late Mesozoic/early Cenozoic during the breakup of Gondwana. Approximately 350 km of
extension between Marie Byrd Land and East Antarctica between 105 Ma and 95 Ma resulted in
the thinned crust of the Ross Sea region with an additional 180 km of extension occurring in the
West Antarctic Rift System (WARS) between 43 Ma and 26 Ma (Boger, 2011). The uplift of the
TAMS is linked to deformation as a result of the Cenozoic extension in the WARS (Boger,
2011) whereas the Gamburtsev Subglacial Mountains in East Antarctica are the result of a series
of uplift and erosion episodes most recently during the Mesozoic breakup of Gondwana (Heeszel
et al., 2013).
Antarctica can be geologically split into two section separated by the Transantarctic
Mountains (TAMS; Fig. 2.1d). The TAMS outline a demarcation between the stable cratonic
shield of East Antarctica and the rifted and extended crust of West Antarctica. East Antarctica is
composed of crystalline pre-Cambrian basement rocks, mostly metamorphic complexes along
with granitic intrusions (Elliot, 1975; Barklage et al., 2009). The basement rocks are overlain by
8

various sedimentary and metasedimentary sequences ranging in age from middle to late
Proterozoic (Elliot, 1975). The Gamburtsev Subglacial Mountains are the proposed nucleation
point of the East Antarctic ice sheet approximately 34 Ma (Heeszel et al., 2013). With the onset
of glaciation during the Cenozoic, the geology of East Antarctica has remained fairly fixed into
the present. West Antarctica, on the other hand, can be described as three subglacial
archipelagoes (Elliot, 1975) and various Miocene to Neogene volcanic complexes (LeMasurier
and Thomson, 1990). Rifting in the WARS continued into the Cenozoic introducing high levels
of heat flow (Winberry and Anandakrishnan, 2003) still observed today. Volcanic activity in
West Antarctica has continued from the late Cenozoic to the present (LeMasurier and Thomson,
1990). The seismic nature of East and West Antarctica are also distinct. Several moderate sized
(4.0-4.5) seismic events have been recorded in East Antarctica since 1982, while no significant
sized seismic activity occurred in West Antarctica until the MW 5.6 event on June 1, 2012.
It is obvious that the Antarctica of today is an amalgamation of accreted and rifted
terrains (Fig. 2.1e). It is challenging to determine the geology of much of Antarctica
(particularly East Antarctica) due to the lack of rock outcrops. Reconstructions of present-day
Antarctica (such as Fig. 2.1e) require careful mapping of rock exposure at all available outcrops
(mostly along the coast and exposed mountain ranges) and then connecting rock units across ice
covered regions with whatever additional constraints are available (mostly aerogeophysical
data). On Figure 2.1e we have labeled two cratonic blocks that will be of importance in later
interpretations (Section 2.5.4).
2.1.2 Previous Work
Seismic studies in Antarctica are have only come into their own in the past couple
9

decades. Until a few years ago seismic instrumentation was limited to temporary deployments
recording only during the austral summer or installations connected to permanent research
stations. This limited the year-round data collection to instruments around the coastline and
South Pole station resulting in an effective station spacing of hundreds of kilometers (see Fig. 2.1
black inverted triangles). As a result the only confirmed seismic activity was the few events
large enough to produce teleseismically recorded phases (Reading, 2007). The earliest suggested
event on the Antarctic continent was in 1918, but this event cannot be well substantiated. The
first confirmed event on the Antarctic continent with a well-constrained location and origin time
occurred in 1982, only three decades ago (Reading, 2002).
Seismic instrumentation of Antarctica was a priority for the International Geophysical
year (IGY) in 1957-1958 (Lander, 1959; Hatherton and Evison, 1962). A total of twelve stations
were installed, several becoming permanent in 1963 with the installation of the World-Wide
Standard Seismographic Network (WWSSN) (Lander, 1959; Okal, 1981). Even with the limited
station coverage of IGY six events were (poorly) located south of 65° and twenty were located
south of 55° (Lander, 1959). Of the six most are within the Transantarctic Mountains (TAMS)
which consistently show a high level of seismicity with sufficient station coverage (Reading,
2002; Reading, 2007; Bannister and Kennett, 2002). Before 1963 the earthquake detection
threshold was approximately M = 6, with the improved WWSSN coverage the detection
threshold dropped to approximately mb = 4.9 (Okal, 1981). Reading (2007) suggests with the
ever increasing knowledge of Antarctic seismicity this threshold is higher, probably closer to mb
= 5.3. Considering that the magnitude scale is logarithmic, this is a drastic improvement.
However, a 5.3 earthquake is still a moderate sized earthquake. In well instrumented areas it is
actually possible to detect earthquakes so small as to be designated by a negative magnitude.
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With this in mind, a threshold of 5.3 is quite inadequate.
Most early studies of Antarctic seismicity focused on using the data from the few
permanent stations and describing specific event types (Hatherton and Evison, 1962; BrowneCooper, Small, and Whitworth, 1967). It was almost twenty years after the advent of Antarctic
seismology that the first studies of overall seismicity of the continent incorporating global data
were instigated (Okal, 1981; Reading, 2002; Rouland, Condis, and Roult, 2003; Reading, 2007).
Okal (1981) was the first comprehensive study of seismic energy released by the Antarctic plate.
He looked at the period from 1925-1980 and found 21 events on the Antarctic plate but only two
events on the continent itself, both in the TAMS (Okal, 1981). Reading (2002) reviewed
cataloged events from 1900-1999 and found over 100 events in a century of event catalogs. It
should be noted that both these authors reviewed catalogs and only considered already proposed
events, they did not search for new events within archived data. Some researchers have
reviewed archived data to detect new events, however most studies only look at a short time
period. Looking at the data from 1999 Rouland, Condis, and Roult detected 210 unknown events
in the southern hemisphere, although the only Antarctic events are associated with plate
boundaries (2003). Reading (2007) reviewed the International Seismological Center (ISC)
catalog and previous reviews of local studies of Antarctic seismicity. She identifies three
settings of seismicity on the continent: the TAMS which she identifies as tectonic and not ice
related, isolated events in the interior of the continent related to tectonics, and coastal regions
experiencing ice related seismicity.
Localized studies date back to the earliest installations in IGY and focus on a few poorly
recorded events (Lander, 1959; Hatherton and Evison, 1962; Browne-Cooper, Small, and
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Whitworth, 1967). It is only in the past two decades that large-scale temporary deployments
have become feasible with the advent of more cost-efficient, high quality equipment along with
increased logistical support. These deployments have typically been extremely localized, often
only covering several hundred square kilometers (Bannister and Kennett, 2002). The limited
range of station distribution constrains the detection distance threshold. A 10 station temporary
array within the Dry Valleys in the austral summer season of 1999-2000 detected 160 events
mostly on David Glacier approximately 200-300 km north and Mulock Glacier 150-200 km
south of the array demonstrating the spatial limitation in detection inherent in local arrays
(Bannister and Kennett, 2002).
As equipment evolved array size also improved. The Transantarctic Seismic Experiment
(TAMSEIS) was the first large-scale passive deployment in Antarctica, operating during the
austral summers of 2000-2003 (Lawrence et al., 2006). The array crossed the TAMS and
extended into East Antarctica, with the goal of constraining the structure and uplift of the TAMS.
The instrumentation used during TAMSEIS was the first generation of the equipment that would
be used several years later during the Gamburtsev Mountains Seismic Experiment (GAMSEIS,
2007-2009) deployed across the Gamburtsev Mountains of East Antarctica and the Polar Earth
Observing Network (POLENET/ANET, 2007-present and continuing) across West Antarctica
(Fig. 2.1; Hansen et al., 2010; Heeszel et al., 2013; Chaput et al., 2014). These two deployments
together represent (along with permanent stations) nearly continent wide coverage. They also
represent a true leap forward in technology as the stations run-year round as versus the austral
summer only operations of previous arrays. This study is the first to attempt to detect and locate
earthquakes across the entire continent using only local stations both from temporary arrays
(GAMSEIS and POLENET/ANET) and GSN permanent stations.
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2.1.3 Known Types of Seismicity
Antarctica has several types of known seismicity: tectonic, volcanic, and ice related.
Reading (2007) suggested teleseismic events located in the TAMS were tectonic events, while
others show that smaller TAMS events (M < 4) are ice related (Bannister and Kennett, 2002;
Danesi et al., 2007; Zoet et al., 2012). Most events previously located in the interior of East
Antarctica (such as those in the ISC catalog) are thought to be tectonic in origin (Reading, 2007).
They can only be tectonic or ice related since East Antarctica is underlain by stable craton,
making volcanic earthquakes unlikely (Heeszel et al., 2013; Boger, 2011). However, the ice at
the center of East Antarctica is slow moving and thought to be unlikely to produce events of a
magnitude necessary to be observable at teleseismic distances. Seismic events, interpreted as
tectonic and not ice related, have been recorded in Marie Byrd Land (MBL) by a local
deployment with the largest events occurring in clusters (Winberry and Anandakrishnan, 2003).
Seismic events in West Antarctica could conceivably be related to tectonics associated with
rifting along the WARS if the WARS is still undergoing active extension (Winberry and
Anandakrishnan, 2003; Winberry and Anandakrishnan, 2004). Tectonic seismicity could also be
caused by the stress associated with glaciation or deglaciation. Reading (2007) suggested many
TAMS events are tectonic but related to glaciation and the uplift of the TAMS and Persaud and
Pfiffner (2004) report seismicity as a result of post-glacial uplift.
The southernmost active volcano in the world is located in Antarctica, and it is also a
source of volcano seismicity. Mount Erebus (located on Ross Island near McMurdo and Scott
Base) is outfitted with a dense network of monitoring instruments (Rowe et al., 2000). Very
long period seismic events associated with Strombolian type explosions have been reported for
Mount Erebus (Rowe et al., 1998; Rowe et al., 2000). Mount Erebus has also demonstrated very
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infrequent periods of volcanic tremor (Rowe et al., 2000). Marie Byrd Land (MBL) in West
Antarctica has several volcanic chains, and several volcanoes show evidence of Holocene
eruptions (Paulsen and Wilson, 2010). With the advent of POLENET/ANET data earthquakes
directly tied to volcanic processes have been recorded in MBL (Lough et al., 2013; Chapter 3).
Volcanic events in MBL are deep long period events with a median magnitude of ML 1.44
(Lough et al., 2013). These events are the focus of Chapter 3.
The final type of seismicity known in Antarctica is arguably the most unique and
interesting. Other regions of the world demonstrate ice related seismicity but Antarctica, along
with Greenland, shows the largest number and variety of such events. The idea of calvinggenerated seismicity was first suggested by Hatherton and Evison in 1962, and in 1966 workers
suggested calving on Vanderford Glacier as a possible source mechanism for recorded events
(Browne-Cooper, Small, and Whitworth, 1967). It was not until Ekström et al. (2003) developed
a new location algorithm that it was understood that calving can produce 'slow' teleseismic
earthquakes as well as smaller high frequency earthquakes. It is now well documented that
several glaciers in Antarctica (most notably Vanderford) produce calving seismicity although as
a whole the amount of low frequency calving seismicity seen in Antarctica is minimal compared
to Greenland (Nettles and Ekström, 2010; Tsai and Ekström, 2007; Ekström et al., 2003;
Ekström, 2006; Chen et al., 2011).
There are many other mechanisms besides calving that have been observed to produce ice
related seismicity. Tidal forcing has a strong connection to seismicity observed on ice streams
and glaciers. The Whillans Ice Stream (WIS, formerly Ice Stream B) is the most famous
example. The WIS experiences tidally driven stick-slip motion typically twice daily
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(Bindschadler et al., 2003), and radiates teleseismic surface waves (Wiens et al., 2008; Pratt et
al., 2014) as well as locally recorded microseismicity (Winberry et al., 2013) with each
movement. Kamb Ice Stream (formerly Ice Stream C), although not currently flowing, also
experiences basal microseismicity (Anandakrishnan and Alley, 1997). Earthquakes associated
with tidal forces have also been observed in MBL (Zoet et al., 2013). Ice shelf rift propagation
produces seismic swarms observable on nearby seismic stations (Bassis et al., 2007; Heeszel et
al., 2014). Seismicity is observed as a precursor to ice avalanches in other glaciated regions
(Caplan-Auerbach and Huggel, 2007). A final known source of ice seismicity is related to the
seismicity observed on TAMS glaciers. Some workers credit the rupture of asperities as a source
mechanism or the movement of glaciers over ice falls instead of tectonic explanations (Bannister
and Kennett, 2002; Danesi, Bannister, and Morelli, 2007; Zoet et al., 2012). It is obvious that
Antarctica displays a wide variety of seismic sources, and the lack of recorded events before the
mid-twentieth century in actuality reflected a lack of instrumentation.
2.2 Data
2.2.1 Data Collection
In this study we use data from two large-scale deployments of broadband seismographs
across Antarctica: the Gamburtsev Mountains Seismic Experiment (GAMSEIS) in East
Antarctica during 2009 and the Antarctic Network component of Polar Earth Observing Network
(POLENET/ANET) in West Antarctica during 2009-2010. An overarching goal of both projects
is to provide year-round continuously recorded seismic data for the interior of Antarctica. The
first POLENET/ANET stations were installed in the 2007-2008 field season. Each season since
has seen more installations (the majority during the 2008-2009 and 2009-2010 seasons) and data
retrieval and station servicing. The stations are mostly located in the TAMS and MBL (Fig. 2.1).
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During the 2009-2010 field season a transect of seismic stations (former GAMSEIS equipment
and sensors) was installed across the WARS. A smaller perpendicular arm was installed quasiparallel to the WARS with the intersection in the Executive Committee Range (ECR). Transect
stations collected data throughout most of 2010 and 2011 and were removed during the 20112012 season to be used in other experiments.
The first GAMSEIS stations were installed above the Gamburtsev Subglacial Mountains
in East Antarctica during the 2007-2008 field season. The entire array of 26 stations was
completed during the 2008-2009 season (Fig. 2.1). The array design was a large cross with
several off line stations (Fig. 2.1a). The long line of stations was a continuation of the
TAMSEIS array from 2000-2003 into the East Antarctic interior. The full GAMSEIS array
operated from the 2008-2009 field season until the majority of equipment (all except eight
stations) was removed during the 2009-2010 season to be reinstalled along the POLENET/ANET
transect.
GAMSEIS and POLENET/ANET stations share many design elements. The seismic
stations consist of a either a cold-weather Guralp 3T or a Trillium T240 three component broadband sensor, a Quanterra Q-330 data logger, a solid state storage device, a GPS antenna to
provide timing and location, a Xeos iridium satellite system to provide state of health feeds, and
power supplied by a combination of non-rechargeable lithium batteries, lead-acid rechargeable
batteries, and solar panels. There are three field components for each station: a large insulated
box with external connectors houses the Q-330, Xeos, batteries, and a heating pad; the sensor
which is isolated with a fiberglass insulating covering beneath a hard plastic dome; and the solar
panels, with GPS and iridium antennae attached. GAMSEIS stations and POLENET/ANET
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temporary stations were equipped with primary lithium batteries for power over winter, whereas
POLENET/ANET backbone stations designed for more permanent deployment contained
enough lead-acid batteries to last through the winter. Solar panels recharge the lead-acid
batteries during the austral summer and stations rely only on battery power (either rechargeable
lead-acid or non-rechargeable lithium) during the austral winter. In most installations the
equipment box is buried just deep enough to be snow covered with the sensor similarly buried
several meters distant. In stations on rock outcrop, the station is either buried in the nearby snow
or bolted to the rock. Stations are serviced either yearly or bi-yearly, although, some stations
were unserviced for several years due to weather and logistical complications. All stations
collected three component 40 Hz and 1 Hz continuous data. State of health information and
small samples of 1 Hz data are available via the Xeos satellite system.
2.2.2 Data Quality
Both GAMSEIS and POLENET had excellent data return considering the extreme
environment. Stations installed in East Antarctica by the GAMSEIS experiment report over 91%
overall data return in 2009, and POLENET/ANET data return for 2010 was over 92%. Data are
typically of very high quality and a relatively low noise level, particularly at high frequencies
since there are no large anthropogenic sources of noise. GAMSEIS stations did suffer from a
particular mode of timing failure during the coldest months. At temperatures below about -48C,
the oscillators in the data acquisition system began to show a high drift rate, leading to a resetting
of the GPS clock, a restart of data acquisition, and ultimately a fraction of a second 'time-tear'.
Some stations could show many time tears during a given day. The 'time-tear' mainly becomes a
problem when filtering the waveform as the fixed gaps become large spikes when filtered. As a
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result for certain analyses some of the GAMSEIS stations were removed from bulk processing
during the middle winter months.
2.2.3 Additional Data
We also requested data from every permanent station in Antarctica with data available
during our study periods. Most permanent stations operate on 40 Hz although some use 20 Hz
sampling. The data from permanent stations gives us additional coverage mostly around the
coastline and South Pole station in the continental interior. Some permanent stations are
extremely helpful for detecting and locating earthquakes. For example, VNDA station in the Dry
Valleys is a borehole station and thus is extremely quiet. Another extremely useful station is
CASY at the Australian base near Vanderford Glacier which provides the best recording of the
glacier's many calving events. The data from both arrays and permanent stations were combined
in Antelope™ databases for high frequency processing purposes and organized into directories
by year with daily subdirectories for low frequency processing.
2.3 Methods
2.3.1 High Frequency Event Detection
We initially detected high frequency earthquakes using an automated arrival detection
and association algorithm in the AntelopeTM software package (Boulder Real Time Technologies,
2014). Detection was done using an STA/LTA method that measures the average amplitude of a
short (1-2 second) sample to a long (20-60 second) sample (specific detection parameters given
in Table 2.1). We exclude a few stations with higher average noise levels to reduce the number
of false detections. A grid association algorithm is then used to group detections into arrivals for
individual events if they meet the association requirements. We require more associated arrivals
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with increased distance between the stations and the proposed origin location. The location is
determined off a grid (200 nodes by 200 nodes) centered at the South Pole. We also run a
teleseismic detection with the default values to eliminate misidentification of obviously
teleseismic arrivals. All associations are run using the IASP91 model (Kennett et al., 1995). As
we are attempting to locate small events, our thresholds are set quite low so as to not miss any
events. Low thresholds unfortunately allow a higher number of false events necessitating every
single event be examined by hand to ensure the event is truly a local seismic event and not
randomly associated arrivals and/or high amplitude noise.
We located events from 2009 using all GAMSEIS, POLENET/ANET and permanent
stations available, although the majority of detected earthquakes are located in the TAMS or in
East Antarctica where most of the stations were located. In December 2009-January 2010, most
of the stations were moved from the GAMSEIS deployment in East Antarctica to the
POLENET/ANET deployment in West Antarctica, leaving only 8 seismic stations in East
Antarctica. Thus for 2010 we concentrated on detection and location of earthquakes in West
Antarctica and the TAMS.
2.3.2 High Frequency Event Location
After detection and association all events are manually reviewed and relocated (with
additional arrivals and phases added) using the dbloc2 package of AntelopeTM (Boulder Real
Time Technologies, 2014). Unfortunately automated detection methods result in a large number
of false detections that have to be examined and deleted manually. During manual relocation
every vertical component is reviewed to look for additional P waves. S waves are picked on
horizontal components, and a confidence interval is assigned for each arrival for use in weighting
19

the arrival in the location procedure.
For initial locations we use the IASP91 global velocity model (Kennett et al., 1995).
However, because the structure of East and West Antarctica are significantly different, we use
two separate velocity models (one for East Antarctica and one for West Antarctica; Tables 2.2
and 2.3) to determine the final locations. We obtain average shear velocities for East and West
Antarctica from the ambient noise study of Sun et al. (2009) and Rayleigh wave tomography
studies of Heeszel et al. (2013), and calculate average crustal thickness values from Hansen et
al. (2010) and Chaput et al. (2014). Average P wave velocities are obtained from the shear
velocities using P/S ratios for upper and lower crust from Crust 2.0 (Bassin, Laske, and Masters,
2000), and P/S ratios for the upper mantle from IASP91 (Kennett et al., 1995).
After we have satisfactorily located an event we investigate the event depth since the
depth may be poorly constrained during the initial location procedure. We compare the residuals
from 0 to 50 km at 5 km intervals to ensure that the depth is not constrained by a local error
minimum (Fig. 2.3). We then set the best fitting depth as the starting point while allowing the
depth to vary to find the best true depth. In cases where a priori information allows us to know
an event is likely an icequake we fix the depth at 1-2 km. Such cases include David Glacier and
Mulock Glacier where we know basal shearing icequakes occur (Danesi et al., 2007; Zoet et al.,
2012; Bannister and Kennett, 2002) and Vanderford Glacier where we know calving processes
are prominent (Nettles and Ekström, 2010; Chen et al., 2011). The depth is especially important
to our study because it is the easiest way to determine if an event is glacial or tectonic. We
assign a depth classification based on the best depth solution, standard deviation in depth
solution, and distance to the closest stations. Events with depths greater than 10 km, and with
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standard deviations that preclude depths shallower than 10 km, are classified as tectonic or likely
tectonic. Events without either a station within 100 km or a priori information are classified as
'likely'. Events with depths less than 10 km including standard deviation in depth are classified
as icequakes, with the same conditions as tectonic events for the 'likely' designation. Icequake
events are different than the 'firnquake' events discussed in Chapter 4. The firnquakes
investigated in Chapter 4 do not produce the high frequency body waves necessary for location
with the methods described here. Events that do not fit into either icequake or tectonic
categories when including the standard deviation in depth are classified as unknown.
2.3.3 Low Frequency Event Detection and Location
Some seismic sources with long durations are not detectable in high frequency bands.
These 'slow' earthquakes do not excite energy in the higher frequencies (above 0.5 Hz) and do
not show impulsive P waves (Ekström et al., 2003). They are particularly common in icecovered regions such as Greenland and Antarctica, and result from various glacial processes.
Notable examples of these events are the stick-slip events observed on the Whillans Ice Stream
(WIS) (Wiens et al., 2008; Pratt et al., 2014) and the calving events observed on outlet glaciers
such as Vanderford Glacier and numerous glaciers in Greenland (Nettles and Ekström, 2010;
Chen et al., 2011). A different detection and location scheme is necessary to study such events.
We first detect possible events by stacking the low frequency signals of a sub-array of
Antarctic stations. We use a subset set of stations from the same region of Antarctica so that
arrivals should not show large variations in travel times. This subset changes between 2009 and
2010-2011 because the overall configuration of stations changed. For 2009 we use the
GAMSEIS stations in East Antarctica, and for 2010-2011 we use the POLLENET/ANET
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transect and nearby stations in West Antarctica. Daylong traces are filtered in a low frequency
passband (0.0125-0.033 Hz) and processed with an envelope function to remove the phase. The
traces are then stacked using an nth-root stacking procedure (McFadden et al., 1986; Equation
2.1), where N = 4 and n is the number of stations.

(2.1)
Possible events are identified using an STA/LTA operator. Low frequency arrivals are
associated with a global earthquake catalog if possible; if no corresponding event is found in the
global catalog we consider the arrival a possible Antarctic slow earthquake.
We then locate the source of the unidentified low frequency energy using a simple backprojection method. First we form a grid across Antarctica and the surrounding region in which
each node represents a potential source location. We then migrate all Antarctic data (processed
in day long segments as described above) to each potential source location and stack using nthroot stacking (McFadden et al., 1986) with Equation 2.2, where N = 4, n is the number of
stations, t is the trace time, dist is the distance between the recording station and potential source
location, and v is the shift velocity (Fig. 2.4).

(2.2)
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We assume a uniform velocity structure of v = 3.86 km/s, an appropriate value for Rayleigh
waves traveling in Antarctica within our frequency band of 0.0125-0.033 Hz (Ritzwoller et al.,
2001), since Rayleigh wave arrivals represent the highest amplitude response of the slow events.
All the shifted day-long individual station traces are stacked for each source location. We
determine which source stack has the greatest amplitude arrival for each potential event
identified in the unmigrated stack. The best fit potential source location is then designated the
origin location and the arrival time on the best fit stack is the origin time.
We double check all detected events on the Antarctic continent, continental shelf, or ridge
system (we do not attempt to relocate events detected outside our study interest area) by visually
inspecting all data, picking the apparent first Rayleigh wave arrival from the vertical component,
and using a grid search location procedure to verify our locations. The grid search uses a simple
Rayleigh wave group velocity for Antarctica of 3.86 km/s as the velocity model (Ritzwoller et
al., 2001). Each arrival used in the grid search is assigned a quality based on the pick
confidence. 'A' quality picks are easily picked from the background noise, 'B' quality picks are
easily visible above background noise but are more difficult to pick for onset, and 'C' quality
picks are difficult to distinguish from background noise. Arrivals are weighted based on pick
quality in the grid search ('A' quality events are given more weight and 'C' quality events are
given significantly less weight). (See section 4.3.1 of Chapter 4 for more information on grid
search methodology.)
We assign a grade to each event depending on the amount of agreement between the
migration location and grid search location and on the quality of the signal recorded on
individual traces. 'A' quality events show high agreement between stack and pick locations and
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show high signal to noise ratio (SNR) on individual traces. 'B' quality events show less
agreement and have lower SNR. 'C' quality events are events we can determine are real but
cannot determine the location within a reasonable uncertainty. We do not report 'C' quality
events in this paper, as their locations are very poor. We analyze all data from 2009-2011. Data
from winter 2009 suffers greatly from the 'time-tear' problem observed in GAMSEIS data,
causing many problems with the automated detection. It was necessary therefore to analyze
most of this data primarily by visual inspection.
2.4. Results
2.4.1 High Frequency
The seismicity results show that all regions of Antarctica have areas that are seismically
active (as a result of either glacial, tectonic, volcanic, or a combination of processes) except for
those areas that lack station coverage (Fig. 2.1; Fig. 2.2; Fig. 2.5; Fig. 2.6). The seismicity
recorded is directly related to the location of stations as can be seen by taking a rough
comparison between our station locations in Figure 2.1 and the overall map of seismicity in
Figures 2.5 and 2.6 where it can be seen that the greatest concentrations of events coincide with
the greatest concentrations of stations. We observe a high level of activity near Vanderford
glacier (Fig. 2.7) as would be expected. As is the case with ISC events and events from Reading
(2007), our seismicity is not directly on the calving front (Fig. 2.7). Most of the events we report
occurred in 2009 for two reasons: first our station coverage was more focused on East Antarctica
in 2009 and second after day 2010:069 we stopped trying to locate events outside West
Antarctica.
We have located significantly more events in East Antarctica than any previous study.
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Depending on how one defines the East Antarctic interior, Reading (2007) found between 3 and
5 events in 25 years of data, whereas we have located over 30 in a single year (Fig. 2.5; Fig. 2.6;
Fig. 2.8), due to the lowered detection thresholds resulting from nearby seismic stations. We
will examine these events in depth in the discussion section (Section 2.5.4). Unsurprisingly, we
find many events in the eastern TAMS especially near David and Mulock glaciers, both known
to produce seismic activity (Bannister and Kennett, 2002; Danesi et al., 2007; Zoet et al., 2012;
Fig. 2.9; Fig. 2.10).
We observe events in the southern region of the TAMS where few, if any, events have
been reported in previous publications (Fig. 2.5; Fig. 2.6; Fig. 2.9). We also find a high number
of events in West Antarctica (Fig. 2.11). Events in West Antarctica will be discussed in greater
detail in the discussion section (Section 2.5.5). We do not find many events on the Antarctic
Peninsula, probably because there are few stations in that region (Fig. 2.1; Fig. 2.5; Fig.2.6).
Similarly we do not see events on the Ronne Ice Shelf or Ellsworth Land (Fig. 2.1; Fig. 2.5;
Fig.2.6). We see dispersed seismicity on the continental shelf from the Southeast Indian Ridge
and from the Pacific-Antarctic Ridge (Fig. 2.2) as is observed in the global data set.
2.4.2 Low Frequency
Results from the low frequency detection and location show many events clustering in
locations near the Vanderford Glacier and the Whillans Ice Steam (WIS) (Fig 2.12; Table 2.4),
both of which are known sources of low frequency seismic sources (Wiens et al., 2008; Nettles
and Ekström, 2010). Vanderford Glacier shows both high frequency and low frequency
seismicity, and quite a few events from Vanderford Glacier are large enough to be included in
global seismicity catalogs. Vanderford Glacier is also located within 40 km of the permanent
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GSN station CASY, so the events are well recorded on a nearby station. The WIS is known to
slip on average about twice per day as triggered by ocean tides raising and lowering the Ross Ice
Shelf (Bindshadler et al, 2003; Winberry et al., 2009). Thus we could have detected many WIS
events during this study, but the amplitude of the far-field Rayleigh waves also varies as a
function of the rupture velocity, which also varies with the tidal cycle (Wiens et al., 2008).
Therefore we likely detected only Rayleigh waves from faster WIS slip events. The events
located near the WIS are likely WIS slip events that have been mislocated due to the very simple
1-D velocity structure used for back-projection. WIS events have distinctive waveforms and
show either two or three teleseismic arrivals within a 30 minute interval for each slip event (Pratt
et al., 2014). Some of the mislocation of WIS slip events may be due to incorrectly correlating
the three different phases produced by a single slip event. Qualitatively, it is fairly simple to
determine if an event is a WIS event by inspecting a few key stations such as the GSN borehole
station in Dry Valleys, VNDA. But our techniques lack the ability of other methods (such as
those used by Pratt et al., 2014) to precisely locate and define an event as a WIS event.
We also find several events in other locations where low frequency earthquakes have
been detected by previous studies using teleseismic data (Nettles and Ekström, 2010; Chen et
al., 2011). We detect one event in the Ronne Ice shelf region (Fig. 2.12; 5/14/2011 event in
Table 2.4). Both Nettles and Ekström (2010) and Chen et al. (2011) report events from the
Ronne Ice Shelf. Our event is not located directly on the Ronne Ice Shelf but on the neighboring
Flichner Ice Shelf (Fig. 2.13). However, the uncertainties in our location, especially for an event
so far outside our array coverage, are large enough that our event could also be from the Ronne
Ice Shelf. We see several events from Victoria Land and George V Land outlet glaciers (Fig.
2.12). Since these events are located on the edge of our coverage, it is difficult to unequivocally
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state which glaciers are generating the events. It is important to note we do not see any signs of
recurring events. We also find a 'B' quality event on the Antarctic Peninsula that is either
associated with glacier movement or calving, again our station configuration does not allow for
more precise location.
The most interesting events detected by our low frequency techniques are the few events
not associated with known sources. For instance, an 'A' quality event occurs off the coast near
BEAR station which may be related to ice mèlange interactions. We will discuss the individual
isolated events in the discussion section (Section 2.5.5). Overall we can say that the only
consistent sources of low frequency seismicity are previously known sources: calving glaciers
(specifically Vanderford Glacier and possibly David Glacier as well), WIS tidally-modulated slip
(and possibly less systematic motion on other Ross Island ice streams), ice motion in mountain
glaciers (specifically the TAMS), and slow earthquakes occurring along bordering mid-ocean
ridge systems.
2.5 Discussion
2.5.1 Vanderford Glacier Seismicity
The Vanderford Glacier region is the source of strong seismicity for both high frequency
and low frequency events (Fig. 2.7; Fig. 2.12). In addition, the high frequency events originating
on Vanderford are abnormally large for calving events, in fact quite a few appear in global
catalogs (see ISC events in Fig. 2.2 and Fig. 2.7). CMT (Central Moment Tensor) solutions are
also available for several events greater than M = 5 and interestingly show a variety of focal
mechanisms. This means Vanderford Glacier events are well recorded, especially on the
GAMSEIS array in 2009 (Fig. 2.1a). We see quite a few events from Vanderford, although none
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of the high frequency events correlate with long-period detections or vice versa. The linear trend
that appears in Figure 2.7 is possibly an artifact of the station configuration, because the
locations are strongly controlled by arrival times at the nearby GSN station CASY (Fig. 2.1a),
however it is consistent with catalog seismicity and the location of events found by Chen et al.
(2011) before relative relocation. It is difficult to completely constrain the depth of events at
Vanderford glacier since one station is very close (within 50 km) but the next station is well over
100 km distant. We expect Vanderford events to be the result of calving and so have arbitrarily
constrained the depth to 0-2 km when relocated with our East Antarctica velocity structure
(Table 2.2). When depth is left as a free parameter some events converge on a deeper solution
suggesting there could also be tectonic events in the area.
The only sources of low frequency seismicity from calving processes that occur
repeatedly over our three year record are from Vanderford Glacier (Fig. 2.12). Vanderford
Glacier is by far the most prolific source of low frequency (and high frequency calving)
seismicity seen by our study and previous studies utilizing global catalogs (Chen et al., 2011;
Nettles and Ekström, 2010). Our study finds that Vanderford is also capable of producing
smaller low frequency events than previously thought possible. Veitch and Nettles (2012)
propose glacial earthquakes have a limited size range, only spanning one order of magnitude, and
events outside that range are infrequent, as both Chen et al. (2011) and Nettles and Ekström
(2010) report magnitudes 4.2-4.9. Chen et al. (2011) report MS magnitudes while Nettles and
Ekström (2010) calibrate their events to a moment magnitude MW. We have calculated MS for
A quality events (Table 2.4). If we take as an example the first event listed (MS 2.33 on
01/02/2009) and calculate a MW following Stein and Wysession (2003) we can find the moment
(M0) and thereby the MW:
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(2.3)
and

(2.4)
therefore:

(2.5)
For a MS 2.33 event the MW is 3.41. The low frequency events found at Vanderford Glacier in
this study are an order of magnitude (or more) smaller than those found by previous workers
(even taking into account calibration to moment magnitude). One possibility is that small low
frequency events exist in Greenland and have not yet been found; however, it is perhaps more
likely that Vanderford Glacier produces a wider range of low frequency calving event sizes.
Thus Vanderford Glacier may be unique in that it is capable of producing a wider range of low
frequency glacial events than other studied glaciers. Vanderford Glacier is further unique in the
respect that it produces both high and low frequency events, most calving glaciers primarily
produce low frequency events (Veitch and Nettles, 2012; Chen et al., 2011; Nettles and Ekström,
2010), particularly in Greenland where high frequency events are rarely produced. We record a
high number of both high frequency and low frequency events from Vanderford, but there is no
correlation between the two. While high and low frequency events occur very near to one
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another spatially, we do not see any temporal association. Because we see two type of seismic
events with no temporal connection between them it is possible there are two processes at work
at Vanderford. It could be that high frequency events are tectonic in origin and not actually
related to glacial activity. Perhaps there is a buried fault system that is lubricated by basal melt
and that pore pressure changes associated with changes in ice loading allow the fault to break.
2.5.2 Other Coastal Events
There are several other coastal high frequency events, mostly isolated but a few occur in
pairs or groups of three, along the rest of the eastern coast (Fig. 2.6; western coastal events are
included with West Antarctica in section 2.5.5). Most of these events appear to be shelf events,
5-10 km deep (similar to those reported in Reading, 2007). Many of these events are classified
'likely' or 'unknown' because stations are not near enough to the origin location to fully constrain
the depth calculations. Several events are potentially deeper tectonic events occurring in the mid
to lower crust, again the distance to the nearest station precludes the depth constraint necessary
to classify them beyond 'likely tectonic'. There are a few events that appear to be ice related
located in the Amundsen Bay, the Barrier Bay, and the Cape Carr/Perry Bay areas (Fig. 2.6).
One low frequency event is located on the Antarctic Peninsula. We select the grid search
location (as versus the back-propagation location) as the true location because it agrees with the
arrival times for the only nearby station, PMSA, whereas the back-propagation location disagrees
for PMSA. We do not see more events from this area because our array does not sufficiently
cover this area. Another low frequency event occurs near the Ronne Ice Shelf, also not
surprising as Chen et al. (2011) identified quite a few events from that area, all in 1999 (Fig.
2.13). The Chen et al. (2011) events are located on the Ronne Ice Shelf whereas our event
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actually locates to the adjacent Flichner Ice Shelf (Fig. 2.13). Given the large distance to the
main array our location has a certain amount of inherent uncertainty, so the event locations could
be the same There is also a possibility some other process is controlling the calving events, and
the region producing low frequency seismicity could have migrated along the calving front in the
subsequent 12 years.
Several events in the Victoria Land coast region of the TAMS are likely related to alpine
ice motion or possibly due to calving. A 'B' quality event occurs very near to the location of the
Mertz Glacier in George V Land (Figure 2.12). Chen et al. (2011) identify 4 events on Mertz
Glacier or possibly Ninnis Glacier over a 10 year period. The events occur anywhere from one
year to six years apart. The Mertz Glacier has a much lower seismicity rate so it is quite
reasonable we only observe one event in our three year dataset. One event very near to David
Glacier could be the result of calving or ice movement nearer to the glacier head.
Glacial low frequency seismicity along coastal calving fronts is well documented in other
glaciated regions of the world, most notably Greenland (Nettles and Ekström, 2010; Chen et al.,
2011). Most glaciers in Antarctica do not appear to generate calving seismicity, although there
are several exceptions such as Vanderford Glacier, Mertz Glacier, and the Ronne Ice Shelf
(Nettles and Ekström, 2010; Chen e al., 2011). The two ice sheets are characterized by different
modes of ice loss and Greenland experiences more temperate conditions. The generally accepted
mechanism for producing low frequency calving seismicity is a rotation of the calved ice (which
in order to rotate must be taller than it is wide) that then couples with the ground as it tips
producing seismic waves (Tsai et al., 2008). Interaction with sea ice mèlange, which has been
seen to maintain a level of mechanical strength, can potentially increase the resistive forces
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acting on the calved ice (Tsai et al., 2008). Greenland glaciers typically have floating tongues no
more than a few kilometers long close to the grounding line whereas Antarctic glaciers are
characterized by drainage into floating ice shelves or ice tongues many kilometers long more
distant from the grounding line. Calving within ice floating in deeper water (as seen more often
in Antarctica) reduces coupling with the solid earth that is observed in Greenland (Nettles and
Ekström, 2010). As a result the Antarctic ice sheet undergoes a different style of ice loss and
does not produce the proper conditions to allow seismicity from calving in more than a few
isolated locations (Nettles and Ekström, 2010). Antarctic calving also differs from Greenland
events in size. As discussed in Section 2.5.1, low frequency events in Antarctica are
significantly smaller than those observed elsewhere (Table 2.4; Veitch and Nettles, 2012). The
events in this study show that the distribution of event magnitudes observed in Greenland do not
hold for Antarctic glaciers, which as a whole show smaller calving events.
2.5.3 Transantarctic Mountains
High frequency events in the TAMS are likely a combination of ice related and tectonic
events. Several glaciers in the TAMS are known to be seismically active, Mulock and David
glaciers being the best known examples (Fig. 2.9; Fig. 2.10; Zoet et al., 2012; Danesi et al.,
2007; Bannister and Kennett, 2002; Reading, 2007). However, authors present several possible
sources for the seismicity. Reading (2007) links the events to continued uplift of the TAMS but
allows that icequakes are possible but that it is more likely the events are small earthquakes
trigged by melt water altering pore-pressure conditions. Bannister and Kennett (2002) do not
unequivocally state their preferred source mechanism for events on David and Mulock glaciers,
presenting several possibilities including deep seated faulting along a proposed David Glacier
lineament and icequakes, but their evidence seems to favor a tectonic source. Other authors
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show that David Glacier events are ice related using data from local networks (Zoet et al., 2012;
Danesi et al., 2007).
The TAMS have traditionally been the most seismically active region in Antarctica
(Reading, 2002; Reading, 2007), and while this study may prove other regions experience higher
levels of seismicity we do still observe high levels of high frequency seismicity in the TAMS.
Many events are located directly on or very close to active TAMS alpine glaciers (Fig. 2.9; Fig.
2.10). It is partially a coincidence as so much of the TAMS is alpine glacier, but some of the
events are definitely generated in the glacial ice. Clusters of ice related events are located at the
heads of both Mulock and Skelton Glaciers as well as several events at the terminus where the
glaciers flow into the Ross Ice Shelf (Fig. 2.10). These events (especially those at the glacier
head) are most likely the result of glacier surges increasing basal stresses along the rock-ice
interface (Danesi et al., 2007; Zoet et al., 2012). A few events in the TAMS have depths
consistent with deep seated faulting, however we observe mostly ice related events (Zoet et al.,
2012; Danesi et al., 2007). Depth constraint can be problematic in some areas of the TAMS due
to the distance to the nearest recording station (Fig. 2.1; Fig. 2.5; Fig.2.6; see section 2.3.2 for
description of depth classification). While we may see a disproportionately high number of
events in the TAMS due to the high number of stations located in the region (Fig. 2.1), we can
say there is no bias for locations within the TAMS themselves as they are well instrumented
along the entire mountain range.
2.5.4 East Antarctic Craton
By considering depth solutions, we can classify large high frequency events in East
Antarctica as almost exclusively tectonic (Fig. 2.3; Fig. 2.8; Fig. 2.14; see section 2.3.2 for depth
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classification), although increased distance from the array reduces the level of achievable depth
constraint. Events vary in depth from shallow crust to fairly deep, but most are mid-crustal depth
(Table 2.5). Reading (2007) also reports several events from the area and a couple have occurred
since that study was published (Fig. 2.8). It is not surprising that few ice related events occur on
the East Antarctic Plateau as the ice is quite stable and unlikely to experience the physical
changes necessary to generate significant seismic energy. However, there are instances of ice
generated seismic events in this region which do not show normal earthquake characteristics,
such as the firnquakes investigated in Chapter 4 that are not being considered in this study. Our
results are somewhat skewed by the station coverage (Fig. 2.1), as the majority of events we are
able to detect and locate are within or very close to the actual GAMSEIS array. With a broader
deployment we would likely see a better correlation to the level of seismicity as seen in areas
such as the Canadian Shield. It is important to note that East Antarctica is not undergoing large
levels of deformation. Few large teleseismic events have been recorded in the last 25 years
(Reading, 2007) and glacial isostatic adjustment models developed from vertical GPS signals
and satellite gravity data indicate limited deformation across the shield (Whitehouse et al., 2012).
Although the craton is not undergoing rapid deformation intraplate seismicity is still a possibility
as can be seen from the few teleseismic events recorded.
The events near the Gamburtsev Subglacial Mountains (GSM) show an interesting
pattern in that no events occur in the central GSM, only along the flanks (Fig. 2.14). The
western flank of the GSM shows diffuse seismicity while the eastern flank shows more
concentrated seismicity. Many events locate along topographic lows classified as a 'rift' feature
by Ferraccioli et al. (2011). The feature occurs as a linear pattern connecting the Polar
Subglacial Basin and the Lambert Graben (Fig. 2.14). A line of seismic events follows the
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topographic low (Fig. 2.14a) ending near several small subglacial lakes (Ferraccioli et al., 2011).
Gravity anomalies in the region also depict a demarcation following the topographic pattern,
Bouger anomalies in the 'rift' are high compared to the bordering low anomalies of the GSM and
the Vostok Subglacial Highlands (VSH; Ferraccoili et al., 2011; LDEO, 2014), while free air
gravity anomalies are high in the neighboring GSM and VSH and low in the 'rift' (LDEO, 2014).
Mantle velocities beneath the feature are distinct from the neighboring regions. At the southern
extent, the Polar Subglacial Basin is characterized by reductions in crustal thickness and mantle
velocities (Heeszel et al., 2013; Lloyd et al., 2013), moving northward the 'rift' continues to mark
distinctly lower mantle velocities compared to the fast mantle beneath the GSM and VSH on
either side (Heeszel et al., 2013; Lloyd et al., 2013).
One possible explanation for these observations is that we are detecting a terrain
boundary between the Mawson Craton and the Crohn Craton (Boger, 2011). However, this
tectonic setting is reminiscent of continental rifts such as the Mississippi Embayment (Mooney et
al., 1983; Braile et al., 1982) where failed rifts are the locus for intraplate seismic activity. We
observe seismicity along the 'rift' structure (Fig. 2.14a) similar to the seismicity observed in the
Mississippi Embayment area and extending beyond the rift confines (Braile et al., 1982).
Without further collaborative evidence we cannot empirically state whether the line of seismicity
observed represents an ancient continental rift (connecting to the known Lambert Rift), a terrain
boundary, or a combined situation where rifting occurs along an ancient terrain boundary suture.
In any case, the correlation between our seismic events and tectonically controlled topographic
features is further support for a tectonic source.
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The presence of intraplate earthquakes proves Antarctica is not truly aseismic as early
authors suggested (Johnston, 1987; Adams and Akoto, 1986; Okal, 1981) and actually shows a
higher level of small magnitude seismicity than suggested even in the past decade (Reading,
2007). We calculate the b-values for the East Antarctic craton. The b-value represents the
relationship between earthquake size and frequency of occurrence. In typical settings one would
expect a b-value of 1, although values can vary between 0.5-1.5 (Gutenburg and Richter, 1954).
Values greater than 1 indicate a higher level of low magnitude seismicity and can be indicative
of swarm behavior (such as the events described in Chapter 3). Values less than 1 indicate there
is a lack of low magnitude seismicity. We calculate the b-values for the East Antarctic craton by
combining our catalog with the ISC. We normalize the ISC events by the number of years
represented in the catalog in order to allow a direct comparison to our catalog consisting of just
one year of data. We find the b-value of Antarctica to be approximately 1.04 indicating
Antarctica experiences the same level of seismicity as other stable shields. It should be noted
that ISC events are mostly reported as body wave magnitudes while the events in this study are
reported as local magnitudes. Calculating b-values from several magnitude scales will introduce
some uncertainty, however the b-value is calculated by a regression line so the minor errors
introduced by using several scales should not greatly affect the overall result. We are also
calculating b-values from an incomplete catalog. Okal (1981) sets a detection threshold of 4.9
for Antarctica while Reading (2007) lowers the threshold to 5.3; both values are higher than the
largest event listed in the ISC from East Antarctica: a mb 4.5 recorded in 1982. In addition, the
data set presented here for the East Antarctic craton is only one year's worth of detection and
location, with a longer data set larger events could be recorded. The largest event we record in
East Antarctica is only a ML 3.44 (several magnitude 4 events are included in the ISC catalog),
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with a longer sample period we would likely record larger events and with a larger (and
hopefully denser) network we would be able to reduce our detection thresholds (and depth
uncertainties) even more.
2.5.5 West Antarctica
Results show a high level of seismicity in West Antarctica, especially in MBL and near
the coastline (Fig 2.15; Fig. 2.16). Quite a few of these events locate on or near volcanoes (Fig.
2.15; Fig. 2.16). In particular several events are located on or near Mount Berlin in the Flood
Range which is known to expel steam and is still considered 'active', these events are likely
volcano-tectonic (Fig. 2.11b). Events are also located on or near many other volcanoes
including: Toney Mountain, Mount Frakes, Mount Takahe, the rest of the Flood Range, the
Ames Range, and the McCuddin Mountains (Fig. 2.11; Fig. 2.15; Fig. 2.16). Determining
whether these are volcano-tectonic, tectonic, or icequakes presents a challenge. We can say
many of these events are deep enough to be considered tectonic but whether they are volcanotectonic or simply tectonic is beyond the scope of this study. Similarly we can say quite a few
events are shallow so they are either ice related or shallow volcano-tectonic events. The ice on
the sides of volcanoes is thinner than the surrounding ice sheet and flows more like an alpine
glacier than an ice sheet, we would therefore expect to see similar ice related seismicity on MBL
volcanoes as we see in the TAMS. We classify events that are shallow as icequakes because
most of the volcanoes in West Antarctica (except for Mount Berlin; Fig. 2.11) show no visible
signs of being currently active and therefore should not produce shallow seismicity associated
with volcanic activity. We do not include a volcano-tectonic classification, therefore any event
greater than 10 km deep (whether tectonic or volcano-tectonic) is classified as tectonic.
However, we also find a large number of events near the Executive Committee Range that can be
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definitively classified as deep long-period events (DLP; Fig. 2.11), a specific type of volcanic
seismic event. These events are addressed in detail by Lough et al. (2013) and Chapter 3. The
high level of seismicity and the occurrence of a specific type of volcanic seismicity in MBL
suggest some of the volcanoes in MBL may become more active and even visibly active
sometime in the future.
We can see quite a few tectonic events occur in West Antarctica, some near volcanoes as
just discussed, but quite a few are not (Fig. 2.15). We do not see any evidence for tectonic
events within the WARS, including the Bentley Trench and Byrd Basin (right of Fig. 2.15),
consistent with other evidence that there is currently no active rifting (Winberry and
Anandakrishnan, 2003; Donnellan and Luyendyk, 2004; T. Wilson pers. comm, 2013). However
there is tectonic activity along the coast, including a recent moderate sized tectonic earthquake.
On June 1, 2012 a MW 5.6 event with a depth of ~13 km occurred at -77.02, -149.8 (star in Fig.
2.15). We have also seen several tectonic events in this area (although this particular study has
not analyzed data that would show foreshocks or aftershocks of the June 2012 event) and
elsewhere along the coast indicating the June 2012 event was not unexpected for this region.
High frequency icequake events are detected throughout West Antarctica and Marie Byrd
Land. Many of these events are located on ice with visible flow patterns in satellite imagery
(both MOA and LIMA; Scambos et al., 2007) while others occur on volcanoes as previously
discussed. We see both tectonic and ice related events at the continental edge and spilling onto
the shelf. Many of these events are potentially due to calving or sea ice mèlange collisions. As
these events are at the extreme edge of our station coverage there may be greater errors in their
locations (the majority of events on the shelf are B quality; see Fig. 2.15; Fig. 2.16). Depth
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determination for events along or outside the boundaries of the arrays are more circumspect,
however it is likely given the tectonic history of the region and the state of the West Antarctic Ice
Sheet that both tectonic and ice related sources are active in the region.
Several low frequency events occur in West Antarctica, including one event well located
just off the coast (Fig. 2.12). The waveforms for this particular event are quite unique in
comparison to other low frequency icequakes so we propose this event is related to ice mèlange
interactions and not traditional calving (Zoet et al., 2013). Other events do not locate to specific
glaciers with documented seismic activity but are most likely the result of some sort of ice
movement as the West Antarctic ice sheet is quite active. MOA (MODIS Mosaic of Antarctica;
Scambos, et al., 2007) and LIMA (Landsat Image Mosaic of Antarctica) satellite imagery shows
ice movement features in the vicinity of low frequency events. However, the events in West
Antarctica are classified as 'B' because they show a larger misfit between the back-propagation
solution and arrival time grid search solution so there is a larger uncertainty in the location of
these events. We do not observe any events directly on the calving front or near the calving front
as seen at Vanderford Glacier, indicating West Antarctic calving fronts do not produce 'slow'
earthquakes.
One of the original goals of the study was to determine if Antarctica has any other
repeating sources of low frequency seismicity aside from the WIS and other various calving
glaciers. We find there are not any other reliable, repeating sources of low frequency seismicity.
We find a few isolated cases of weak low frequency seismicity but none of these cases have
multiple events in the same location. We do record several isolated events in MBL, but we
cannot make a case for a repeating source because the waveforms are not enough alike and the
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locations have too high of uncertainties. West Antarctica is well covered by our array for the
later part of our analysis period and so has better coverage than the Ronne Ice Shelf, the
peninsula, or even Vanderford Glacier and Victoria Land. None of these regions show a strong
repetitive nature to the seismicity, we see at most two or three low frequency events in the same
general area indicating these are not potential repetitive slip regions. We can therefore conclude
the WIS is distinctive in its slip behavior and few Antarctic outlet glaciers (the most notable
being Vanderford Glacier) produce low frequency seismic events through calving processes.
2.6 Conclusions
I have presented the first comprehensive study of Antarctic seismicity that takes
advantage of the new generation of autonomous instrumentation installed beginning in late 2007.
In addition to events from known sources of seismicity such as the TAMS and coastal calving
fronts, we record events from areas with no previously known seismicity. We find a large
number of icequakes, tectonic events, and volcano-tectonic events in West Antarctica. However,
there is no evidence of active rifting in the WARS or seismicity along calving fronts. We find
tectonic earthquakes in East Antarctica that represent intraplate seismicity of a significantly
higher level than previously suggested indicating Antarctica may not be anomalously aseismic
relative to other continents. An intriguing line of events follow a line of subglacial basins
between the Polar Subglacial Basin and the Lambert Graben that warrant further investigation
but currently appear to follow an ancient 'rift' or terrain boundary suture. We further find several
new low frequency sources although none are repetitive indicating the WIS remains the only ice
stream that produces tidally modulated seismicity of a magnitude recordable on a regional scale
and few Antarctic glaciers (aside from Vanderford Glacier) are capable of consistently producing
calving related low frequency seismicity.
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Data is still being collected by the backbone stations of POLENET/ANET and will
continue to be collected for some time. This study has looked at low frequency data from 20092011 and high frequency data from 2009-2010, there is data available in both low and high
frequency bands up through the present that can provide further insight. Ultimately more
stations are needed in Antarctica (ideally covering the entire continent and deployed
concurrently) to show the true seismic character of the continent. POLENET/ANET has
provided the first large scale deployment, but it is only the beginning. With ever increasing
instrument and battery technology and a growing interest in the field of ice seismology we
should see in the near future a truly continental wide temporary seismic array if not semipermanent seismic network.
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Figure Captions
Figure 2.1 | Station locations for 2009 (a), 2010 (b), and 2011 (c) used in study. Only low
frequency data was analyzed for 2011. Blue inverted triangles are GAMSEIS or
POLENET/ANET stations, black inverted triangles are GSN permanent stations. (d) Map of
Antarctica with areas of interest labeled. (After Boger, 2011). (e) Map of tectonic terrains in
Antarctica with Crohn and Mawson Cratons labeled (After Boger, 2011).
Figure 2.2 | Comparison of ISC catalog (1970-2011) to events detected in our study.
Figure 2.3 | Testing of residual with depth for a East Antarctic craton event. The lowest residual
occurs at a tectonic depth for this particular event. Event located at (-83.4751, 62.0824) with a
depth of 20.5 km ± 0.45 km circled in Figure 2.8.
Figure 2.4 | Example of low frequency location for a likely Whillans Ice Stream event on June
19, 2010. (a) Map of amplitudes of all potential source locations. Cold colors are the best fit. (b)
Example of processed waveforms before back-propagation. (c) Example of processed waveforms
after back-propagation coinciding with best fit potential source location.
Figure 2.5 | Map of 2009-2010 high frequency events classified by quality (A or B, events C
quality and below are not displayed).
Figure 2.6 | Map of high frequency events located for 2009-2010 classified by type of event
(Icequake, tectonic, or unknown).
Figure 2.7 | Map of A quality high frequency events near Vanderford Glacier. Plotted over
MOA (Scambos et al., 2007).

55

Figure 2.8 | Map of events located within the East Antarctic Craton classified by event type.
Circled event is used for depth plot in Figure 2.3. Plotted over MOA (Scambos et al., 2007).
Figure 2.9 | Map of events in the TAMS classified by quality. Box is location of Figure 2.10.
Plotted over BEDMAP2 (Fretwell et al., 2012).
Figure 2.10 | Map of Mulock Glacier region outlined by box in Figure 2.9. Events are classified
by type of event. Plotted over MOA (Scambos et al., 2007).
Figure 2.11 | Map of West Antarctica high frequency seismicity. (a) West Antarctica high
frequency events classified by category plotted over LIMA satellite imagery, box outlines extent
of b. (b) Area outlined by box in a showing high frequency events in the Ames Range and Flood
Range, plotted over LIMA satellite imagery.
Figure 2.12 | Map of low frequency seismicity for 2009-2011 classified by quality.
Figure 2.13 | Map of Ronne Ice Shelf showing 'A' quality event and Chen et al., 2011 events.
Plotted over MOA (Scambos et al., 2007).
Figure 2.14 | Seismicity of the East Antarctic Craton. Map of events located within the East
Antarctic Craton classified by quality. Plotted over BEDMAP2 (Fretwell et al., 2012).
Figure 2.15 | Map of West Antarctic events classified by quality. Box outlines extent of Figure
2.16 Star in red circle is the location of the June 1, 2012 MW 5.6 event. Plotted over BEDMAP2
(Fretwell et al., 2012).
Figure 2.16 | Map of West Antarctic coastal events classified by quality. Area outlined by box
in Figure 2.15 Plotted over BEDMAP2 (Fretwell et al., 2012).
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Table Legends
Table 2.1 | Automated detection and association parameters.
Table 2.2 | Velocity Structure for East Antarctica
Table 2.3 | Velocity Structure for West Antarctica
Table 2.4 | Low Frequency Event Information
Table 2.5 | High Frequency East Antarctica Craton Event Information
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Tables
Table 2.1 | Automated detection and association parameters.
Filter
1
2
3

Lower
Frequency
(Hz)
0.5
1.5
4.0

Upper
Frequency
(Hz)
1.5
4.0
8.0

STA
(s)

LTA
(s)

Lower
Threshold

Upper
Threshold

2
2
1

60
20
20

1.25
1.25
1.50

2.5
2.5
3.0
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Table 2.2 | Velocity Structure for East Antarctica
Depth
(km)
0
0.05
0.15
2
15
30
45
95
125

P Velocity
(km/s)
1.7
3.0
3.93
5.74
6.3
7.2
8.05
8.23
8.5

S Velocity
(km/s)
1.0
1.63
1.96
3.3
3.64
4.0
4.5
4.6
4.75
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Table 2.3 | Velocity Structure for West Antarctica
Depth
(km)
0
0.05
0.15
1
10
15
26
50
75
180

P Velocity
(km/s)
1.7
3.0
3.93
5.74
6.09
6.58
7.7
7.93
7.7
7.97

S Velocity
(km/s)
1.0
1.63
1.96
3.3
3.5
3.67
4.3
4.43
4.3
4.45
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Table 2.4 | Low Frequency Event Information
Date

Origin

Latitude

Longitude

#
Obs.

01/02/2009
01/27/2009
03/14/2009
04/28/2009
12/04/2009
12/10/2009
01/28/2010
02/12/2010
02/21/2010
02/23/2010
04/25/2010
05/20/2010
06/02/2010
06/18/2010
06/22/2010
06/27/2010
09/09/2010
09/09/2010
09/24/2010
10/15/2010
11/19/2010
02/01/2011
02/07/2011
02/08/2011
02/12/2011
02/26/2011
03/04/2011
04/18/2011
05/14/2011
05/14/2011
07/10/2011
07/18/2011
09/02/2011
10/16/2011
11/12/2011
11/28/2011
12/21/2011
12/30/2011

04:47:02
13:56:34
04:17:06
04:07:59
14:14:41
19:46:54
21:11:15
22:19:34
06:21:01
19:52:16
02:05:00
20:45:56
13:19:24
10:24:01
03:57:52
10:21:02
17:10:47
20:04:28
03:41:21
20:17:17
01:53:45
03:20:47
18:30:27
07:56:04
06:00:07
20:17:27
18:13:14
20:35:51
20:40:26
20:41:21
10:48:01
14:52:34
00:55:27
22:10:45
13:09:06
05:08:33
16:22:21
01:13:00

-66.3
-68.2
-66.1
-66.5
-65.5
-57.8
-65.5
-71.9
-66.1
-66.7
-62.7
-68.9
-74.2
-64.9
-66.0
-64.7
-51.7
-63.5
-79.6
-74.5
-56.7
-85.6
-84.0
-76.5
-82.3
-85.5
-79.3
-65.4
-79.3
-79.3
-77.6
-72.0
-69.0
-73.5
-74.5
-56.7
-66.5
-56.5

110.5
158.4
110.5
110.3
110.6
-83.4
110.6
-113.8
112.3
114.1
-145.0
-62.9
162.7
-174.7
109.5
108.6
161.1
160.6
-118.5
155.4
-128.8
-128.5
-142.7
-114.6
-110.2
-147.5
-147.7
156.6
-26.7
-32.3
-114.4
-105.2
115.3
169.3
-97.9
-142.1
111.0
-26.5

8
NA
NA
8
19
NA
18
10
NA
17
15
20
NA
10
11
NA
34
30
NA
NA
26
18
8
12
10
4
NA
9
20
NA
16
19
21
17
15
18
11
12
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Ms
median

Grade

2.33
2.47
2.56
2.39
2.54
2.90
2.98
0.61
2.82
3.02
2.68
2.46
2.17
2.36
2.48
2.58
4.25
3.66
1.29
2.13
3.06
2.01
1.91
1.69
0.85
1.74
2.08
1.64
2.67
2.69
1.58
2.00
2.79
2.57
1.93
3.21
2.87
2.69

A
B
B
A
A
A
A
B
A
A
B
B
B
B
B
B
B
B
B
B
A
B
B
A
B
B
B
A
B
A
B
A
B
A
B
A
A
A

Location
method
Grid Search
Back Projection
Back Projection

Grid Search
Grid Search
Back Projection

Grid Search
Grid Search
Back Projection

Grid Search
Grid Search
Grid Search
Back Projection

Grid Search
Grid Search
Back Projection

Grid Search
Grid Search
Back Projection
Back Projection

Grid Search
Grid Search
Grid Search
Grid Search
Grid Search
Grid Search
Back Projection

Grid Search
Grid Search
Back Projection

Grid Search
Grid Search
Grid Search
Grid Search
Grid Search
Grid Search
Grid Search
Grid Search

Jackknife
Uncertainty
1σ (km)
60.4
NA
NA
53.7
8.4
NA
57.1
51.4
NA
24.3
92.3
97.3
NA
30.6
56.6
NA
93.5
26.8
NA
NA
74.1
69.6
<5
68.2
80.5
51.1
NA
68.9
84.4
NA
34.0
53.5
76.5
31.9
57.3
84.1
76.2
78.4

Table 2.5 | High Frequency East Antarctica Craton Event Information
Date

Origin

Latitude

Longitude

01/01/2009
02/02/2009
03/05/2009
03/11/2009
03/26/2009
03/26/2009
04/27/2009
04/30/2009
05/07/2009
06/18/2009
06/29/2009
06/30/2009
07/04/2009
07/08/2009
07/10/2009
09/04/2009
09/09/2009
10/06/2009
10/13/2009
10/17/2009
10/17/2009
10/26/2009
10/30/2009
11/01/2009
11/21/2009
12/03/2009
12/09/2009

06:58:30.2
15:29:21.3
09:28:33.5
10:40:41.3
07:15:29.6
09:32:13.3
12:41:46.7
20:00:11.4
06:56:08.1
22:27:46.4
22:29:25.4
14:09:47.0
22:13:50.2
04:06:03.5
05:43:19.7
16:32:53.2
04:10:48.8
14:09:30.8
04:43:37.4
04:42:51.2
04:49:42.7
22:53:32.6
13:56:19.6
11:35:31.3
06:23:56.8
17:45:39.4
20:21:00.7

-82.420
-80.984
-81.323
-80.436
-80.990
-86.606
-80.420
-81.645
-83.475
-81.798
-83.147
-82.412
-83.146
-80.843
-82.409
-83.148
-82.173
-81.671
-79.470
-81.549
-81.554
-83.357
-82.008
-79.637
-83.211
-84.817
-79.542

109.668
100.946
44.755
41.867
48.217
52.690
96.034
103.477
62.082
48.151
108.243
63.669
108.368
94.699
63.014
109.450
108.558
104.598
88.493
103.581
103.721
47.436
142.959
89.950
117.427
71.004
89.931

Depth
(km)
1.924
45.171
18.113
42.155
5.274
62.010
45.601
30.012
20.549
28.551
19.134
23.625
15.023
49.999
20.611
19.438
14.517
19.646
15.020
13.974
30.074
49.919
112.79
6.154
45.110
2.173
19.374

Depth
Std dev
2.088
3.637
0.699
13.077
2.1601
0.675
0.4122
0.544
5.532
110.507
7.075
5.532
7.711
4.481
1.340
42.082
19.316
9.822
3.051
38.839
60.874
139.591
89.522
2.219
55.375
11.439
15.414
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Obs
Std dev
0.570
0.846
1.282
1.313
0.045
0.902
1.503
1.077
1.026
0.912
0.941
1.0258
1.330
1.245
0.998
0.990
0.571
0.855
1.080
0.855
1.745
1.324
0.974
0.290
0.666
1.865
0.737

ML

Category

Grade

1.94
1.99
3.44
2.78
2.63
3.19
2.50
1.96
2.16
3.39
2.07
2.16
1.82
1.84
2.30
2.24
1.74
2.30
2.27
2.14
1.70
2.85
3.21
2.22
2.24
1.77
2.04

Likely Icequake
Unknown
Likely Tectonic
Likely Tectonic
Unknown
Tectonic
Likely Tectonic
Tectonic
Tectonic
Unknown
Tectonic
Likely Tectonic
Likely Tectonic
Likely Tectonic
Likely Tectonic
Likely Tectonic
Likely Tectonic
Tectonic
Likely Tectonic
Likely Tectonic
Unknown
Unknown
Unknown
Unknown
Likely Tectonic
Unknown
Likely Tectonic

A
A
A+
B
A
B
B
A
A
A
A
A
A
B
A
A
B
A
B
A
A
BA
BA
BB-

#
Obs
9
10
31
7
8
31
17
11
9
8
12
15
8
11
11
9
7
13
10
15
10
6
20
5
9
8
7

Chapter 3
Seismic Detection of an Active Subglacial Magmatic Complex
in Marie Byrd Land, Antarctica
An edited version of this paper was published by the Nature Publishing Group. Copyright (2013)
Nature Publishing Group.
Lough, A.C., Wiens, D.A., Barcheck, C.G., Anandakrishnan, S., Aster, R.C., Blankenship, D.D,
Huerta, A.D., Nyblade, A., Young, D.A., and Wilson, T.J. (2013) Seismic detection of an
active subglacial magmatic complex in Marie Byrd Land, Antarctica. Nature Geoscience,
6, 1031-1035. doi:10.1038/NGEO1992
Abstract
Marie Byrd Land, a West Antarctica highland region, contains numerous Miocene to
recent volcanoes and high heat flow that may influence the stability of the West Antarctic Ice
Sheet (Paulsen and Wilson, 2010; LeMasurier and Thomson, 1990; Blankenship et al., 2010;
Fretwell et al., 2012). The Executive Committee Range shows north-to-south progression of
volcanism continuing into the Holocene, but to date there has been no evidence of current
magmatic activity (Corr and Vaughan, 2008; Behrendt, 2013; Vogel et al., 2006). Here we
present evidence from a recently deployed seismic network revealing a seismic swarm at 25-40
km depth coinciding with subglacial topographic and magnetic highs 55 km south of the
youngest subaerial volcano. Characteristics of the swarm, including depth and frequency
content, identify these events as deep long period earthquakes, which occur beneath active
volcanoes due to deep magmatic activity, in some cases preceding active eruptive phases
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(Nichols et al., 2011; Okubo and Wolfe, 2008; Power et al., 2004; White, 1996). A prominent
ash layer, likely sourced subaerially by nearby Mount Waesche, is identified in radar profiles of
the ice overlying these earthquakes. These observations provide strong evidence of ongoing
magmatic activity and demonstrate that volcanism is continuing to migrate southward along the
Executive Committee Range. Eruptions at this site are unlikely to penetrate the 1.2 to 2 km of
overlying ice, but would provide extremely large water inputs into the subglacial hydrological
system and significantly affect ice stream flow.
3.1 Introduction
Marie Byrd Land (MBL) is a remote continental region that remains poorly understood
due to burial beneath the West Antarctic Ice Sheet (WAIS) and historically limited geological
and geophysical data (Behrendt, 2013; Winberry and Anandakrishnan, 2003). Extension
between East and West Antarctica began with the breakup of Gondwanaland in the Mesozoic
and continued into the Cenozoic forming the West Antarctic Rift System (WARS) and
introducing tensional stress and high heat flow into MBL (Winberry and Anandakrishnan, 2003).
Volcanism became widespread during the late Cenozoic and several volcanoes remain active to
recent times, as noted by fumarolic activity and ash records (Behrendt, 2013; LeMasurier and
Thomson, 1990; ). Topographic and aeromagnetic studies suggest Holocene volcanic activity,
but until now there has been no direct evidence supporting current MBL magmatism
(LeMasurier and Thomson, 1990; Behrendt, 2013; Vogel et al., 2006).
The International Polar Year (IPY) POLENET/ANET project, which includes threecomponent broadband seismic stations deployed across West Antarctica beginning in December
2007, provides the first large-scale dataset that can be used to detect seismic signals resulting
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from active magmatism in this region. Most of the stations used here were installed in January
2010, comprising two crossing lines of temporary stations with the purpose of studying the
structure of the WARS (Fig. 3.1; Table 3.1; Supplementary Materials S3.1.0).
3.2 Results
We used an automated event detection and location algorithm to produce an initial list of
seismic sources. The majority of events define an unusual cluster near 77.65°S, 126.46°W
coinciding with a subglacial mountain complex along the southward extension of the Executive
Committee Range (ECR) (Fig. 3.1). Using manual picking and detection on a subset of nearby
stations, we located 1,370 events in this region showing at least six strong P or S phase arrivals,
with 2-3 times more events observable at only the two closest stations (Table 3.1). We closely
examined a representative sample (5 days of data every 20 days, unless during a seismic swarm)
to better track temporal changes in the seismicity rate. Activity persisted throughout the
deployment (January 2010-December 2011), with only one month having no detections (Fig. 3.2;
Supplemental Materials S3.2.0). Most events (nearly 90%) occurred during two swarms in
January-February 2010 and March 2011. The first swarm was only partially captured because
nearby stations began operating shortly after January 17. We have no method of assessing
seismicity prior to POLENET/ANET observations, but the observed seismicity suggests this is a
region of persistent activity.
The events are small, most with local magnitudes between ml 0.8 and 2.1, with a median
of 1.44 and a maximum of 3.03. The b-value characterizing the magnitude-frequency
relationship is 2.75, which is large relative to tectonic earthquake catalogues, but is consistent
with values commonly observed in volcanic earthquake swarms (Fig. 3.4; McNutt, 1996;
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Jakobsdóttir et al., 2008). These magnitude statistics do not reflect the smallest events recorded
only on the two closest stations because their locations and magnitudes are more uncertain.
We used relative relocation on a subset of events with 8 or more arrivals, removing
events with large uncertainties (defined by the average of the three 95% confidence semi-axes
lengths) until the greatest uncertainty was 8 km, leaving 203 events (Fig. 3.1). Relocations were
calculated using both the IASP91 global velocity model (Kennett et al., 1995) and a local
velocity model (Table 3.2; Supplemental Materials S3.3.0) that incorporated the thin crust and
low velocity upper mantle of West Antarctica constrained by POLENET/ANET data (Chaput et
al., 2014). We observe no significant difference in hypocenter locations or depth estimates
depending on the model. Relocation collapsed the size of the main cluster to approximately 35%
of its original area, and located nearly all events to depths of 25-40 km (Fig. 3.1d, Fig. 3.4;
Supplemental Materials S3.4.0). The depths are robust with respect to perturbations of input,
including removal of all S-phases, removal of any individual station, and changes to the structure
model. Investigation of waveform similarity using a cross-correlation algorithm shows only a
mediocre average correlation coefficient of 0.6, demonstrating that these are not repeating events
with nearly identical locations and mechanisms. However, swarm events correlate better with
each other than the entire dataset, with correlation coefficients up to about ~0.8 (Fig. 3.5;
Supplemental Materials S3.5.0). Thus the cluster is comprised of a variety of different seismic
sources that change with time.
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3.3 Discussion
In this region, seismic events could conceivably arise from glacial, tectonic, or volcanic
processes. The cluster events show an unusual spectral character, with a maximum spectral
amplitude at 2-4 Hz, compared to 10-20 Hz expected for tectonic events of this magnitude. This
observation, along with the unusual swarm-like behavior and depth, strongly suggests a nontectonic origin (Fig. 3.6, Fig. 3.3; Abercrombie, 1995). Glacial processes can generate low
frequency events, however the well-constrained source depths of 25-40 km preclude a glacial
origin (Fig. 3.1d, Fig. 3.4; Zoet et al., 2012). These depths place the swarm near the MBL Moho
depth (Chaput et al., 2014), deeper than most tectonic seismicity in comparable regions such as
the Basin and Range province of North America and far below the typical brittle/ductile
transition in such regions (Behrendt, 2013; Winberry and Anandakrishnan, 2003; McNutt, 1996;
Jakobsdóttir, et al., 2008).
The entire dataset of 1,370 events shows characteristics consistent with deep long period
(DLP) sources identified in many volcanic settings including the Aleutian Islands, the Pacific
Northwest, Hawaii, and Mount Pinatubo (Fig. 3.6) (Nichols et al., 2011; Okubo and Wolfe,
2008; Power et al., 2004; White, 1996). DLP events are characterized by deep hypocenters (at or
below the brittle-ductile transition zone), low-frequency energy (<5 Hz), emergent signals, and
long codas (Nichols et al., 2011). In all cases DLPs are associated with active magmatic
processes (Nichols et al., 2011; Okubo and Wolfe, 2008; Power et al., 2004; White, 1996)
although the physical mechanism producing DLPs is currently unknown. They often show
swarm behavior, and are hypothesized to represent movement of magma and other fluids that
lead to pressure-induced vibrations in cracks within volcanic and hydrothermal systems (Okubo
and Wolfe, 2008). DLP swarms have commonly been associated with other forms of volcanic
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and magmatic activity, including eruptions and intrusions (Nichols et al., 2011; Okubo and
Wolfe, 2008; Power et al., 2004; White, 1996).
In addition to showing the characteristics of DLPs, the cluster occurs where current
volcanic activity would be expected along the N-S migrating volcanic trend in the ECR. It is
located beneath a subglacial topographic high ~1,000 m above surrounding low-lying areas
extending beyond Mount Sidley in the apparent migration direction of the ECR volcanoes (Fig.
3.1b, Fig. 3.8, Fig. 3.9; Fretwell et al., 2012). GIMBLE (Geophysical Exploration of Marie Byrd
Land Evolution) and earlier AGASEA (Holt et al., 2006) aeromagnetic data reveal a narrow 400
nT anomaly over this high, consistent with local volcanic emplacement (Fig. 3.2a, Fig. 3.2b;
Behrendt, 2013). Incorporating the oldest known ages for Whitney Peak (13.7 Ma) and Mount
Sidley (5.7 Ma) lavas (LeMasurier and Thomson, 1990), we calculate a volcanic center
southward migration rate of ~9.6 km/Ma (Fig. 3.1c). This predicts that the current center of
volcanism should be approximately 55 km south of Mount Sidley, consistent with the 55-60 km
distance of the observed cluster. Interestingly, the migration of volcanism along the ECR is
approximately perpendicular to the expected hot spot migration direction from plate motion
within the HS2-NUVEL1A hot spot reference frame (Gripp and Gordon, 2002), although
uncertainties are large for Antarctica (Fig. 3.1c).
We conclude this cluster of events represents a current location of active intraplate
magmatic activity along the ECR. The cluster is centered beneath a subglacial mountain
complex we interpret as a volcanic edifice, it is in the expected location of current volcanism
based on volcanic trends, hypocenters are significantly deeper than for a non-magmatic source,

84

and waveforms and spectra are consistent with DLP events rather than with similarly sized
tectonic events.
It is unclear whether the observed DLP swarm activity presages an imminent eruption.
Increased DLP activity can precede eruptions (e.g. the 1991 Mount Pinatubo eruption; White,
1996) but in other cases occurs as part of the background seismicity and thus is not a reliable
precursor (Nichols et al., 2011; Okubo and Wolfe, 2008; Power et al., 2004). We do not believe
subglacial volcanic eruptions accompanied the two swarms of increased DLP activity in 20102011. Only DLP activity was elevated during these swarms, and an eruption should produce
detectable shallow volcanic seismicity. The deep magmatic activity we observed has been
ongoing for an indeterminate amount of time and has almost certainly accompanied past
eruptions, consistent with a volcanic edifice inferred in the subglacial topography (Fig. 3.1b, Fig.
3.8c).
GIMBLE and AGASEA radar data from flights near the ECR show a highly reflective
layer 400-1400 m below the surface, interpreted as volcanic ash, in the ice overlying the cluster
location. This layer appears to conform to the local ice stratigraphy, in some cases showing
deformation from basal melting (Fig. 3.8). The layer spans a 50 x 20 km ellipse, covering 785
km2 pointing south in the prevailing wind direction (Lenaerts and Van de Broeke, 2012). Ice
flow is complex due to rough topography in this region, which has deformed the layer. Given
modern accumulation rates of 12.5 cm/year, we estimate using a Dansgaard-Johnsen model the
layer age is ~8000 years (Van de Berg et al., 2005).
The ash layer could result from the volcanic edifice overlying the DLP cluster, but both
the observation of tephra bands in a zone of ablating blue ice and the distribution of the layer in a
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wind oriented streak south of Mount Waesche suggest the source is most likely Mount Waesche
(Ackert et al., 1999; Dunbar et al., 2003). Perhaps the strongest argument for a Mount Waesche
source is the implausibility of an eruption from the DLP source venting ash to the surface. DLPs
are known to occur up to 5 km from active vents (Nichols et al., 2011; Okubo and Wolfe, 2008;
Power et al., 2004; White, 1996) and the aerogeophysical lines, spaced ~15 km apart, approach
within 5 km of the DLP source, where ice thickness is ~1100 m. Because of the vent location
uncertainties as well as gaps in the radar coverage, the ice thickness over the vent in uncertain; a
conservative assumption is that the vent is likely covered by at least 1 km of ice. Approximately
6 x 1015 kJ are required to melt a cylinder of ice 5 km in diameter and 1 km thick (Table 3.3;
Supplemental Materials S3.6.0). Large eruptions release ~1 x 1017 kJ of thermal energy whereas
more typical eruptions release on the order of 1012-1013 kJ, suggesting only an exceptionally
large eruption could breach the ice cap and vent to the surface (Table 3.3; Supplemental
Materials S3.6.0; Blong, 1984).
3.4 Conclusion
The discovery of an active subglacial magmatic system in MBL associated with proximal
subaerial ash layer deposition from Holocene eruptions highlights the question of the potential
impact of the southward migration of the ECR magmatic complex on the WAIS. As active
volcanic centers extending from the ECR begin to impact the deeper interior of the WAIS we
expect this region to generate larger volumes of melt water at the ice sheet base associated with
both subglacial eruptions and increasing background heat flow. Melt water from the extended
ECR magmatic complex enters the hydrological catchment of the MacAyeal Ice Stream (Joughin
et al., 2004), characterized by a mean annual water flux of 0.63 km3. A 1013 kJ eruption would
melt ~0.035 km3 of ice (Supplemental Materials S3.7.0), whereas an anomalously large eruption
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would exceed the annual flux by several orders of magnitude (1017 kJ melts ~350 km3), perhaps
within a matter of days. Water flux modulation by such eruptions as well as by the associated
increase in background heat flow from magmatic migration will potentially lubricate the bed and
increase the velocity of the overlying ice, facilitating the evolution of ice streams and changing
rates of ice mass loss in West Antarctica (Blankenship et al., 1993; Corr and Vaughan, 2008;
Behrendt, 2013; Vogel et al., 2006).
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S3.0 Supplemental Materials
S3.1 Methods
S3.1.1 Data Collection
All seismic data used in this study was collected as part of the POLENET/ANET seismic
deployment, beginning in January 2010 and continuing through December 2011. Instruments
were installed beginning January 17, 2010 and the relevant parts of the array were fully deployed
beginning January 21, 2010. Instrumentation consisted of Guralp cold-weather 3T or
Nanometrics Trillium T-240 broadband seismographs connected to Quantera Q-330 digitizers
enclosed in insulated boxes with Baler-14 or Baler-44 storage drives. Austral summer power
was provided by lead-acid batteries recharged by solar panels and wind generators. Austral
winter power was provided by either lead-acid or lithium batteries depending on station
configuration. Equipment and technical support was provided by IRIS PASSCAL. Threecomponent data was collected continuously over the instrumentation period at sampling rates of
40 and 1 sample/s. GIMBLE radar and magnetics data was collected on a DC-3T aircraft using
the same instrument setup as the ICECAP deployment (Young et al., 2011). GIMBLE HICARS
radar data was focused where possible (Peters et al., 2007).
S3.1.2 Data Analysis
40 sample/s data were organized into a database using the Antelope™ software package.
A preliminary automated STA/LTA detection was run to identify and locate local seismic events.
When we found the majority of DLP events to be missed by the automated detection, we
manually inspected and picked P and S phases for a representative sample of the data. All events
with greater than 6 combined P and S arrivals were picked for the January-February 2010 and
March 2011 swarms. For the rest of the data period, five-day subsets of data were picked every
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20 days. All picked data were located using the dbgenloc module of Antelope™. All events
with greater than 8 combined arrivals were then input into a relative relocation program
(following method outlined by Jordan and Sverdrup (1981)) and events with uncertainties
(combined 95% confidence interval over latitude, longitude, and depth) less than 8 km were used
for the final subset of 220 DLP events. Both a local velocity model and the IASP91 global
model were used in relocation, reported hypocenters are from the local velocity model
calculations (Kennett et al., 1995). We generated and visually inspected spectrograms for all
DLP events at ST08 and SILY stations. No DLP spectrograms showed abnormal frequencies at
either ST08 or SILY station. A cross-correlation analysis was performed on ST08 and SILY
stations to assess the similarity of waveforms (Fig. 3.5). A dendrogram-based cluster analysis
was also performed on these stations to check the results of the cross-correlation analysis.
S3.2 Event Statistics
The vast majority of events occur during swarm activity, and even outside of swarms
events tend to occur close in time. 89.7% of events occurred during the two swarms (68.2% in
January to February 2010 and 21.5% in March 2011). In mid-late January 2010 (first relevant
instruments were deployed on January 17, 2010 and all relevant stations were deployed by
January 21, 2010) 628 events were located, this is the equivalent of almost 42 events per day
taking into account the number of days analyzed. February 2010 and March 2011 average about
300 events or about 12.8 events per day whereas a typical month during a non-swarm period
only averages 6.55 events or 0.62 events per day.
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S3.3 Local Model
We base our local velocity model on the shear velocity structure determined from noise
correlation using the POLENET/ANET stations by Sun et al. (2009). P velocities are calculated
from the S velocities assuming a P/S ratio of 1.795. P and S velocities in the firn and ice layers
are taken from Albert (1998) and Sun et al. (2009). The ice thickness is estimated from the
average value of ice thickness in BEDMAP for the box with coordinates (-77.88°, -118.3°), (78.63°, -131.66°), (-76.52°, -133.24°), (-75.58°, -121.11°)(Fretwell et al., 2012). The Moho
depth of 29.5 km was determined by averaging the values determined from receiver functions by
Chaput et al. (2012) for the stations ST08 and SILY.
S3.4 Depth Testing
We test the validity of depth constraints by solving for various fixed depths with our local
velocity model. In every case the residual is greatest at shallow levels, decreases with depth to a
minimum around 30-35 km and increases with depth but does not reach the maximum at
shallows levels until deeper than 70 km. We also tested ISAP91 with the same results. Our
depth are well constrained at 20-40 km. Sample waveforms from the event used to generate Fig.
3.4 are shown in Fig. 3.7.
S3.5 Cross Correlation
We performed a cross-correlation analysis on ST08 and SILY stations to determine the similarity
in waveforms. Figure 3.5 show the results of cross-correlation with dates labeled on the axes.
Warm colors indicate higher levels of correlation. Both stations show weak correlations, except
during swarm periods. Waveforms seem to correlate best with those closest in time. For
example, there is a strong correlation at ST08 for events on January 20-22, 2010. The cluster
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analysis also showed low correlation values, and events tend to cluster into two main groups
based on year. This is also apparent in the cross-correlation, especially at ST08 where events
from 2011 have very low correlation values with events from 2010 (far right of Fig. 3.5).
S3.6 Eruptive Energy Calculation
The thermal energy require to melt ice is:
E = Hfus * ρice * Vice
Hfus the heat of fusion for ice is 334 kJ/kg
ρice the density of glacial ice is 850 kg/m3
Vice is the volume of ice being melted.
5 km diameter cylinder of ice 1 km thick:
E = (2500m*2500m*1000m*π)*(334 kJ/kg)*(850 kg/m3) = 6 X 1015 kJ
20 km diameter cylinder of ice 1 km thick:
E = (10000m*10000m*1000m*π)*(334 kJ/kg)*(850 kg/m3) = 9 X 1016 kJ
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S3.7 Volume Ice Melted Calculation
The volume of ice melted for a given eruption is:
Vice = E / Hfus / ρice
Hfus the heat of fusion for ice is 334 kJ/kg
ρice the density of glacial ice is 850 kg/m3
For a typical eruption (1012-1013 kJ) the amount of ice melted is:
Vice = 1012 kJ / 334 kJ/kg / 850 kg/m3 = 3.5 X 106 m3 = 0.0035 km3
Vice = 1013 kJ / 334 kJ/kg / 850 kg/m3 = 3.5 X 107 m3 = 0.035 km3
For a large eruption (1016-1017 kJ) the amount of ice melted is:
Vice = 1016 kJ / 334 kJ/kg / 850 kg/m3 = 3.5 X 1010 m3 = 35 km3
Vice = 1017 kJ / 334 kJ/kg / 850 kg/m3 = 3.5 X 1011 m3 = 350 km3
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Figure Captions
Figure 3.1 | Summary of ECR volcanic and seismic activity. a, POLENET stations over bed
topography (Fretwell et al., 2012). b, Box in 3.1a over bed topography with 250 m contours
(Fretwell et al., 2012). DLP events occur beneath a subglacial topographic high. Box outlines
Fig. 3.8a and Fig. 3.8b. c, Box in 3.1a over LIMA imagery. ECR volcanoes are labeled with
dates of known volcanism (Paulsen and Wilson, 2010). DLP swarms occur 55-60 km from
Mount Sidley along age progression line. Arrow shows HS3-NUVELA1A plate motions (Gripp
and Gordon, 2002). d, North-south (left) and East-West (right) cross sections showing relocated
events. Error bars are average 95% confidence intervals, horizontal errors show average for
latitude and longitude.
Figure 3.2 | Histogram of DLP events detected in 2010-2011 by month. Events are binned by
number of arrivals.
Figure 3.3 | Graph showing b-value calculation on DLP events. The b-value of 2.75 is
indicative of the overwhelming swarm like behavior of the events. It is consistent with the
strong falloff of numbers of smaller events relative to tectonic seismicity commonly observed in
volcanic earthquake swarms.
Figure 3.4 | Plot of residual versus depth for fixed depths calculated with the local velocity
model. The minimum residual is near 35 km depth.
Figure 3.5 | Cross correlation values for ST08 station (a) and SILY station (b) over entire
dataset. Warm colors indicate a high correlation. Highest correlations occur during swarms.
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Figure 3.6 | Comparison of spectral character of DLP and non-DLP events. a, Example
spectrogram of a DLP from the Aleutian Islands (Power et al., 2004). b, A spectrogram from a
ECR DLP event, magnitude ml 1.71. Waveform is filtered using a 0.5 Hz 4 pole high-pass filter.
c, A spectrogram from a tectonic (potentially volcano-tectonic) event on Mount Berlin
magnitude ml 2.72. Waveform is filtered using a 0.9 Hz 4 pole high-pass filter.
Figure 3.7 | Three component seismograms of an example event (same event used to
demonstrate depth constraints in Fig. 3.5). Waveforms are bandpass filtered between 1.5 and 4.0
Hz. P and S wave arrivals are marked.
Figure 3.8 | Radar data showing ice thickness and ash layer. a, Box in Fig. 3.1b showing
available radar lines and ice thickness. Red circle is DLP cluster, orange outlines magnetic
anomalies (+100 nT contours). Plotted over MOA surface imagery (Scambos et al., 2007) and
elevation contours (Fretwell et al., 2012). b, Corresponding map showing depth to ash layer. c,
Focused GIMBLE profile along thick black line in Fig. 3.8b. Red circle is closest to DLP
cluster. Ash closely follows bed topography leading to a large change in elevation across the
profile. A bed topographic low occurs in this location (Fig. 3.1b). d, Unfocused AGASEA
profile along thick white line in Fig. 3.8b (Gripp and Gordon, 2002).
Figure 3.9 | Ice thickness in study area from Bedmap2 (Fretwell et al., 2012). Ice is
approximately 1600 m thick above cluster epicenters (area circled in black).
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Table Legends
Table 3.1 | Location of stations used in this study.
Table 3.2 | Local velocity model used in relative relocation.
Table 3.3 | Examples of energy released in various volcanic eruptions (Blong, 1984).

103

Figures
Figure 3.1

104

Figure 3.2

105

Figure 3.3

3.5
3
2.5

log(N)

2

b = 2.75

1.5
1
0.5
0
0.5

1

1.5

2
ml

106

2.5

3

3.5

Figure 3.4
Residual

1

1.5

2

2.5

0
10

Depth (km)

20
30
40
50
60
70

107

3

3.5

Figure 3.5

108

Figure 3.6

109

Figure 3.7

110

Figure 3.8

111

Figure 3.9

112

Tables
Table 3.1 | Location of stations used in this study.
Station
ST08
SILY
ST13
ST12
ST07
ST09

Latitude
-77.9576°
-77.1332°
-77.5609°
-76.8970°
-78.6387°
-76.5309°

Longitude
-125.5313°
-125.9660°
-130.5139°
-123.8160°
-123.7953°
-128.4734°

Elevation
1.78 km
2.09 km
1.86 km
2.20 km
1.59 km
2.25 km

ST14
ST06
ST10

-77.8378° -134.0802° 1.64 km
-79.3316° -121.8196° 1.52 km
-75.8143° -129.7489° 1.75 km
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Table 3.2 | Local velocity model used in relative relocation.
Depth (km) P velocity (km/s) S velocity (km/s)
0.0
1.87
1.00
0.05
2.95
1.53
1.0
3.93
1.96
2.2
5.87
3.27
11.8
6.10
3.40
16.8
6.30
3.51
25.5
6.61
3.68
29.5
7.58
4.22
34.8
7.87
4.39
39.8
7.93
4.42
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Table 3.3 | Examples of energy released in various volcanic eruptions (Blong, 1984).
Volcano
Year
Total Energy (kJ)
Santorini, Aegean Sea
1500 B.C.E
1.0 x 1017
Laki, Iceland
1783 C.E.
8.6 x 1016
Tambora, Indonesia
1815 C.E.
8.4 x 1016
Krakatau, Indonesia
1883 C.E.
~1.0 x 1015
Vesuvio, Italy
1906 C.E.
1.7 x 1014
Katmai-Novarupta, Alaska
1912 C.E.
2.0 x 1016
Sakura-jima, Japan
1914 C.E.
4.6 x 1015
Mauna Loa, Hawaii
1950 C.E.
1.4 x 1015
Oshima, Japan
1950-1951 C.E.
9.4 x 1013
Kilauea, Hawaii
1952 C.E.
1.8 x 1014
Bezymianny, Kamchatka 1955-1956 C.E.
2.2 x 1015
Capelinhos (Fayal), Azores
1957 C.E.
4.0 x 1014
Agung, Bali
1963 C.E.
4.5 x 1014
Surtsey, Iceland
1963 C.E.
1.9 x 1014
Taal, Philippines
1965 C.E.
1.0 x 1013
Arenal, Costa Rica
1968 C.E.
1.0 x 1012
Mount St Helens, USA
1980 C.E.
~5.0 x 1013
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Chapter 4
A New Type of Seismic Source in the Firn Layer of the
East Antarctic Ice Sheet

Abstract
We identify a new type of seismic source we call 'firnquakes' in the upper-most part of
the East Antarctic Ice Sheet recorded by temporary broadband seismic arrays in East Antarctica.
These sources are characterized by dispersed surface wave trains with frequencies of 1-10 Hz
propagating for up to 1000 km. The events show strong dispersed Rayleigh wave trains and a
complete absence of body wave arrivals; most events also show weaker Love waves. We locate
the sources by determining the L2 misfit of a grid of potential source locations using a constant
Rayleigh wave velocity along with Rayleigh wave polarization directions. We then perform a
multiple filter analysis (MFT) to calculate the Rayleigh wave group velocity dispersion and
invert the group velocity for shear velocity structure. The resulting velocity structure is used as
an input model to calculate synthetic seismograms. Inverting the dispersion curves yields ice
velocity structures consistent with a firn layer ~100 m thick and show that the velocity structure
is laterally variable. The absence of body wave phases and the relative amplitudes of surface
wave and body wave energy constrain the source depth to be shallower than 50 meters. The
presence of Love waves for most events suggests the source is not isotropic. We propose the
events are linked to the formation of small crevasses in the firn, and several events correlate with
shallow crevasse fields mapped in satellite imagery.
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4.1 Introduction
Several different types of icequakes have been documented in the scientific literature
(Ekström et al., 2003; Doyle et al., 2013; Winberry et al., 2013; West et al., 2010; Walter,
Olivieri, and Clinton, 2013; Barruol et al., 2013; Walter et al., 2013). Glaciers often show small
seismic events associated with cracking due to flexure, ice motion, or basal ice-bedrock shearing
(Bannister and Kennett, 2002; Zoet et al., 2012; Barruol et al., 2013; Heeszel et al., 2014).
Glaciers (including those in the Transantarctic Mountains (TAMS) and other alpine regions)
experience a high level of small magnitude seismicity that is only recorded on stations within a
few hundred kilometers, meaning in order to locate such events a local network must be installed
(Zoet et al., 2012; Danesi, Bannister, and Morelli, 2007; Bannister and Kennett, 2002; Moore et
al., 2013; Walter et al., 2010; Caplan-Auerbach and Huggel, 2007; Thelen et al., 2013). These
events are most likely related to ice movement, possibly over ice falls or basal shearing (Zoet et
al., 2012; Bannister and Kennett, 2002; Danesi, Bannister, and Morelli, 2007; Thelen et al.,
2013). Outlet glaciers experience a completely different type of ice seismicity (Ekström et al.,
2003; Chen et al., 2011; Nettles and Ekström, 2010; Tsai and Rice, 2008; Bartholomaus et al.,
2012). Tsai and Ekström (2007) identified numerous slow earthquakes on Greenland outlet
glaciers and Nettles and Ekström (2010) identified several Antarctic slow events that appear to
result from calving processes. Seismicity is also often recorded associated with crevasse
formation and propagation (Walter et al., 2009; Mikesell et al., 2012; Röösli et al., 2014). In
Antarctica a new type of ice seismicity has been identified on the Whillans Ice Stream (WIS)
associated with the tidally modulated stick-slip motion of the ice stream (Wiens et al., 2008, Pratt
et al., 2014; Walter et al., 2011).
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Most ice seismicity can only be well studied in areas where local or regional seismic
networks have been deployed, with the exception of the long period calving events which can be
recorded at teleseismic distances. Unfortunately large ice covered areas present logistical and
environmental challenges to seismic deployments and so have not been well instrumented. The
interior of Antarctica and Greenland are two examples of difficult field areas that have largely
gone uninstrumented in the past. However, recent developments in technology now allow the
operation of autonomous seismographs even on remote ice sheets, and parts of the Antarctic
interior have been instrumented with autonomous seismographs for the first time. Most notably,
during 2008-2009, 27 seismographs were operating on the East Antarctic interior, including in
most cases over the winter, as part of the Gamburtsev Subglacial Mountains Seismic Experiment
(GAMSEIS) (Hansen et al., 2010; Heeszel et al., 2013) (Fig. 4.1a; Fig. 4.1c). This
instrumentation allows detection and study of seismic sources associated with the cryosphere
over large regions and at lower magnitude levels than was previously possible.
Here we identify a new type of icequake that we name 'firnquakes', identified by seismic
surface waves traveling in the ice sheet (Fig. 4.2). Several events are large enough to be detected
across the entire aperture of the GAMSEIS array (nearly 1000 km) while others are only
observed on the closest stations (several hundred kilometers). Similar, albeit smaller events were
recorded approximately 400 km into East Antarctica from the Miller Range in the TAMS by the
Transantarctic Seismic Experiment (TAMSEIS) experiment in 2002, and some similar
waveforms appear to be triggered by surface waves from the 2010 Chile earthquake at stations in
East Antarctica (Peng et al., 2014). Body waves are not observed in any of the waveforms.
Some events show only Rayleigh waves while other show both Rayleigh and Love waves (Fig.
4.2b versus Fig. 4.2a), dispersion is quite apparent on all waveforms (Fig. 4.2). Some events
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appear monochromatic in frequency while others are visible across a wider range of frequencies
(Fig. 4.2). Most of the events show amplitudes above the noise level at frequencies in the 1-5 Hz
range, with some events visible at somewhat higher or lower frequencies.
Such high energy sources of surface waves traveling in the ice without observable
accompanying body waves have not been previously identified in the literature, and so represent
a new type of ice seismicity. Here we describe the characteristics of these ice events, and in
particular analyze in detail the two best recorded events during the GAMSEIS deployment. We
will show that these events represent faulting or cracking within the shallowest part of the firn
layer, and suggest that they accompany the formation of small crevasse fields observed in the
shallow firn layer, particularly in wind glazed regions surrounding the central part of East
Antarctica.
4.2 Data
This study primarily uses data from the GAMSEIS project recorded between December
2008 and December 2009. We also locate and discuss events recorded by the TAMSEIS project
in 2002. In addition to providing year-round continuous data, GAMSEIS station coverage is
better suited to locate earthquakes because the stations form a two dimensional array with 8
stations situated outside the two main lines of stations (Fig. 4.1a; Fig. 4.1c; Fig. 4.3). TAMSEIS
stations on the other hand are situated in a linear pattern with one station slightly offset (Fig.
4.1a; Fig. 4.1c; Fig. 4.4). A linear station configuration is not ideal for locating events and so we
have not attempted to analyze any of the TAMSEIS events beyond location and magnitude
determination due to the greater errors in event location.
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The GAMSEIS project instrumented the Gamburtsev Mountains of East Antarctica with
the intent to determine the uplift and support mechanisms of the subglacial mountain range
(Hansen et al., 2010; Heeszel et al., 2013). Each GAMSEIS station consists of three parts. First
a cold weather tested broadband seismic sensor was installed on a leveled pad with a fiberglass
insulating cover beneath a rigid protective dome. GAMSEIS stations utilized one of two types of
sensors: either Guralp cold-weather 3T or Trillium T-240 instruments. Second, a Quanterra Q330 data-logger recording at 40 Hz and 1 Hz and Baler 14 (or Baler 44 in some cases) hard drive
along with a Xeos iridium modem, a heating pad, and batteries were housed in a insulated box
several yards from the sensor. Finally, solar panels, the GPS antenna, and the iridium antenna
were installed in a triangular configuration (either on a lamp-post style mount or individual
braced mounts) several yards from the sensor and equipment box. The sensor and equipment
box were both buried only enough to be just below level with the top of the snow at the time of
installation. GAMSEIS stations were powered by lead-acid batteries recharged by solar panels
over the austral summer and non-rechargeable lithium batteries over the winter. The Xeos
iridium modem provided state of health information and small samples of 1 Hz data via satellite
connection.
After initially identifying events in GAMSEIS data we decided to review earlier data
collected in 2002 by the TAMSEIS project to determine if similar events occurred during that
deployment. TAMSEIS seismic stations can be thought of as first generation equipment
compared to the second generation GAMSEIS station. TAMSEIS stations used standard Guralp
3T sensors rather than cold-weather modified sensors and Reftek RT130 data-loggers. Lithium
batteries were not available so lead acid batteries were used and recharged by solar panels and
wind turbines. These limitations in power meant TAMSEIS stations could only run when solar
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power was available to recharge the batteries thereby limiting continuous data collection only to
the several months of austral summer each year. TAMSEIS data in this study only covers
January to March of 2002 and is limited to about 6 stations (approximately 400 km; Fig. 4.1a;
Fig. 4.1c).
4.3 Methods
4.3.1 Location
Events were first identified when locations could not be determined assuming the arrivals
were conventional P or S wave arrivals. Closer inspection revealed that the arrivals consisted of
Rayleigh waves, as indicated by the particle motions. We then implemented a grid-search event
location algorithm that attempted to minimize the L2 misfit in predicted arrival times (Equation
4.1), assuming velocities appropriate for Rayleigh waves propagating in the ice sheet. The first
Rayleigh wave energy on the vertical component was picked (reminiscent of P wave picking in
traditional location algorithms) with a quality of A, B, or C assigned based on the reliability of
the pick which was then factored into the error weighting. We initially assumed that the
Rayleigh waves traveled at the 1 Hz group velocity appropriate for the shear wave velocity
structure of the South Pole (Albert, 1998), but we also allowed the velocity to vary somewhat to
determine if a different Rayleigh wave velocity might lead to a better fit. Overall we found 1.65
km/s to be an appropriate average group velocity. We first use an equidistant grid of 0.3°
(approximately 33 km) centered near the geographic South Pole covering the entire Antarctic
continent to determine an initial location. We then refine the search using a denser grid spacing
of 0.05° (approximately 5 km, in extremely well constrained cases we use an even denser grid of
0.02° or approximately 2 km) centered at the initial location for well-recorded events.
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Some events, especially the 2002 events recorded by TAMSEIS, do not have a good
azimuthal coverage in recording stations (Fig. 4.4). To improve the locations we incorporated
polarization information from the recorded Rayleigh waves in the grid search algorithm. A
Rayleigh wave will have a retrograde elliptical polarization in the radial plane (i.e. the vertical
plane including both source and receiver). We determine the azimuth of the origin from the
station to within + 180 using the polarization of the two horizontal components, determined
using eigenvalue decomposition of the correlation matrix (Fig. 4.5; Montebelli and Kanazawich,
1970). Then we rotate the waveform into the polarization plane and plot the particle motion of
the Rayleigh wave; a retrograde particle motion indicates the correct direction (Fig. 4.6),
prograde motion indicates the actual polarization direction is 180° from the rotation direction.
Locations were determined by minimizing the misfit function:

(4.1)
Both travel time picks and polarization directions were assigned a quality (A,B,C) and
average variance values were assigned for each quality. A quality arrival picks were assigned an
arrival time standard deviation of 1.41 seconds, B quality of 2.24 seconds, and C quality of 4.0
seconds. A quality polarization directions were assigned a azimuth standard deviation of 4°, B
quality of 8°, and C quality of 16°. Azimuth standard deviations are chosen so that the solutions
are more dependent on arrival times, unless the arrival times fail to adequately constrain the
location. The best-recorded events show very small errors in both arrival time and polarization
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direction, events with fewer observations or poor azimuthal recording coverage tend to show
larger errors.
4.3.2 Jackknife Error Estimation
We test the robustness of our final locations by applying a jackknife estimate of variance
(Efron and Stein, 1981). We first systematically remove one observation from the grid search
input and rerun the search. After running the search with each observation removed we then
calculate the distance between the location with all observations and each location with a single
observation removed (S(i)). We follow the calculations of Efron and Stein (1981) to calculate the
variance and standard deviation for the population of solutions:

(4.2)
where

(4.3)
We report the 1-σ standard deviation (square root of the variance) in kilometers in Table 4.1.
The jackknife is a simple calculation to give us an estimate of the robustness of our solutions. It
tells us there is a 68% probability of the actual location being within the distance of one standard
deviation from the solution.
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4.3.3 Magnitude Calculation
We calculate a local magnitude (ML) for each event by determining the median of the
magnitudes calculated for each individual observation. We use ML because our events are
recorded at frequencies and distances where ML is generally used as a valid magnitude scale.
We use the local magnitude equation (Stein and Wysession, 2003):

(4.4)
where A is the amplitude of in microns of the waveforms sampled at period T (we use T = 1
making the first term simply

) and Dist is the distance (in km) between source and receiver.

Magnitudes are given for each event in Table 4.1.
4.3.4 Rayleigh Wave Dispersion Analysis
Analysis of the group velocity dispersion of the Rayleigh wave trains can help us further
understand the waveforms and may place important constraints on the ice velocity structure
between the source and receiver. To achieve this aim, we perform multiple filter technique
(MFT) analysis (Dziewonski et al., 1969) on the vertical component waveform for several well
recorded events (Fig. 4.7). The MFT calculates a group velocity dispersion curve of the
observed seismic wave for a source with known distance (Herrmann, 2013). A narrow bandpass
Gaussian filter is applied to the data around a series of center frequencies. The maximum of the
envelope of the filtered signal will correspond to the time of the group velocity arrival at each
frequency (Herrmann, 2013).
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The resulting dispersion curve is then inverted using singular value decomposition on
the partial derivatives (calculated by frequency-wavenumber integration) for shear velocity with
depth (Fig. 4.8). Following Herrmann (2013) we run weighted iterations of a linear inversion
with an starting input model (Table 4.2) adapted from values found in Albert (1998) until the
calculated velocity approximates the observed data. The inversion calculates the misfit between
the observed data and the current model (starting with the initial input model) and adjusts the
model with each iteration to reduce misfit. S-velocity structure is highly dependent on the
thickness of the layers in the input model (Table 4.2). If many thin layers are used there is
significant trade-off between layers and no resolution in the individual layers, we therefore adopt
a model utilizing 50 m thick upper layers and progressively thicker layers with depth (Table 4.2).
The best fitting models retain trade-off in the upper 2-3 layers (Fig. 4.8d and Fig. 4.8h).
The starting model for the velocity inversion is based off a study by Albert (1998) of the
seismic velocity and density of ice in a bore hole 10 km from the South Pole (Table 4.2). These
values were used in the upper 200 meters, average values of glacial ice were used for the
remaining thickness of ice. Velocities were inverted using both an ice half-space and a rock
half-space. In cases of a rock half-space there is no resolution in the solution within the rock
layer, as the Rayleigh wave eigenfunctions are entirely in the ice layer for these frequencies, and
so our final models use ice velocities for the half-space and do not contain a rock layer. The
dispersion curves are able to fit the data very well for most of the stations (Fig. 4.8c and Fig.
4.8g). We use only the well-fit data in our further investigations and modeling.
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4.3.5 Reflectivity Synthetic Modeling
We model the waveforms associated with several station event pairings following the
reflectivity methods of Kennett (2001). This method calculates the complete seismic response
for a specified moment tensor source mechanism and a given 1-D velocity, density, and Q
structure. We estimate the Q value for Antarctic ice at 200-400 for QP and 90-180 for QS based
on values reported in various studies (Peters et al., 2012; Gusmeroli et al., 2010). We compare
several different velocity and density structure inputs. The first model was taken directly from
the values reported in Albert (1998) for all ice layers with PREM for underlying rock layers. We
also test structures taken directly from the MFT dispersion curve inversions (Table 4.3). Most
structures from the dispersion curve inversion show one or more low velocity zones (LVZ), we
also modified such structures to only allow velocity to increase with depth. The final models are
for several station/event pairings are shown in Table 4.3, these models are taken directly from
the dispersion curve inversion with upper crustal layers from global velocity models added.
We use synthetic modeling to determine basic source mechanism properties by running
comparison tests between several moment tensors and several input models, starting with an ice
structure modified from Albert (1998) and progressing through individual structures modified
from specific station/event shear wave inversions. The depth of the seismic source is of
particular interest in understanding and interpreting the events. To evaluate the likely source
depth, we compute synthetics for sources at different depths (from the ice surface to mid-tolower ice layers) and compare them to the observed seismograms. These tests are done for a
variety of possible moment tensors including strike-slip and dip-slip double couple sources as
well as implosion sources. We only test general faults geometries in order to ascertain if there is
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significant difference in waveform (especially in the ratio of the amplitudes of surface and body
waves) with variation in source mechanism.
4.4 Results
4.4.1 Locations
We locate events in two general areas controlled by the location of the individual arrays.
We record 9 events with enough stations to be well located in 2009 (Table 4.1). These events all
occur within the confines of the GAMSEIS array (Fig. 4.3). Several events are quite large with
energy reaching the farthest extent of the array. Many of the events are well located, with
jackknife uncertainties of less than 10 km. The 2009 events range in magnitude between ML
1.44-2.92 with an average magnitude of ML 1.94.
The events occurring in 2002 are closely grouped about 400 km from the Miller Range in
the TAMS and very near to the recording TAMSEIS stations (Fig. 4.4) These events are
typically smaller than the events recorded in 2009 (see ML column in Table 4.1), they are
detected at closer distances to the stations, and the event duration is slightly shorter (Fig. 4.2c
versus Fig. 4.2a). The events range from ML 0.39-1.78 with an average magnitude of ML 1.42.
TAMSEIS events were recorded at distances generally less than 300 km whereas events recorded
by GAMSEIS are recorded at distances 2-3 times that distance. Many more events were
recorded in this area but with insufficient stations to determine good locations. The number of
events per day varies greatly, on some days as many as 10 events can be observed while on other
days no events are detected. Table 4.1 lists only the events that were recorded by enough
stations to obtain locations. Unfortunately the recording stations are situated in a line except for
one station which is slightly off-line (Fig. 4.1; Fig. 4.4). Due to this station configuration we
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need to use the polarization direction of the recorded waveforms to determine on which side of
the line the events occur.
4.4.2 Rayleigh Wave Dispersion Analysis
The dispersion analysis generally results in models that show an increase in shear
velocity, typically from 1.2-1.4 km/s in the shallowest layer to around 1.8 km/s by 0.13 km depth
and then holding fairly constant through the rest of the ice layers. We find variation in the
velocity dispersion between events and even between stations in a single event. This is to be
expected as the individual station/event pairings reflect the unique path traveled, and there will
be lateral variations in the velocity of the ice sheet, particularly in the velocity and thickness of
the firn layer. The largest frequency range we observe is from approximately 0.8 Hz to 10 Hz
(Fig. 4.8), but in most cases only a narrower range of frequencies is visible above the noise level.
4.4.3 Reflectivity Synthetic Modeling
One conspicuous characteristic of the observed waveforms is the complete absence of
body wave arrivals, as the signals are dominated by the surface waves. We attempt to replicate
this observation with the synthetic seismograms, and to use it to help constrain the source depth.
We compare the amplitudes of body and Rayleigh waves observed in the reflectivity synthetic
modeled waveforms to those recorded in the observed vertical component data for several
stations recording our best events (Fig. 4.9). It is obvious that the source is very shallow because
we do not see any body wave arrivals in the observed waveforms (Fig. 4.2), but the synthetic
modeling always shows energy associated with the body waves and the amplitude of the body
wave train relative to the Rayleigh wave increases with increased source depth (Fig. 4.9). It is
likely there is body wave energy associated with the observed waveforms, but it has been

128

completely masked by noise. Therefore in order for a source depth to be appropriate, the ratio of
Rayleigh wave to body wave energy in the synthetic must be greater than the ratio of Rayleigh
wave to noise energy in the observed waveforms.
We generate synthetic waveforms for several generic faults including dip-slip (both
normal and reverse), strike-slip, and implosion (explosion sources produce the same waveform
as implosion source with opposite polarity). We also test the moment tensor for a Mode I tensile
crack opening which is essentially a combination of a CLVD (compensated linear vector dipole)
source and an implosion/explosion source (Stein and Wysession, 2003). The synthetics resulting
from implosion and Mode I crack sources are identical. All tested source mechanisms show
observable body waves for all tested depths further supporting our conclusion of a very shallow
source (Fig 4.9). We use four source mechanisms (normal fault, reverse fault, strike-slip fault,
and implosion) and a variety of fault strikes and dips to test a variety of depths (1m, 5m, 10m,
25m 50m, 75m, 100m, 150m, 200m, 250m, 300m, 400m, 500m, and 750m) for our best
station/event pairings. We then calculate the ratio of the amplitude of Rayleigh wave to body
wave for each depth (Fig 4a). We can see for all focal mechanisms the ratio decreases with
increased depth and even at the shallowest modeled depth (1m) the ratios are still slightly less
than the ratio of observed Rayleigh wave to background noise. For a given focal mechanism we
can see that with increased depth the body waves increase in amplitude compared to the
Rayleigh wave until at 750m depth the body wave becomes the largest phase and the trace is
then normalized to the body and not the Rayleigh wave (Fig. 9b). All focal mechanisms generate
body waves in the synthetic modeling (Fig 4.9c). Synthetic waveforms are actually quite similar
in shape with the only significant difference being variations in polarity (Fig. 9c).
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4.5 Discussion
4.5.1 Event Characteristics and Locations
We located 9 events on the East Antarctic Plateau and 11 events close to the TAMS, all
with a 1-σ error less than 100 km (Fig. 4.1; Fig. 4.3; Fig. 4.4). These events are small (ML 0.392.92) but much larger than crevassing events recorded in other glacial settings (Walter et al.,
2009), and the events are recorded to regional distances. We also see no body waves, unlike
crevassing events observed on other glaciers (Walter et al., 2009; Neave and Savage, 1970).
These characteristics indicate we are likely looking at a new type of crevasse related icequake.
One question to ask is whether these events are limited either spatially or temporally.
Our data itself is limited temporally especially in 2002 where we have only analyzed the data for
one austral summer. However, we do see events through most of that summer (although the best
recorded events reported in Table 4.1 all occur over a 21-day span) and the events recorded in
2009 all occur during the austral winter. This leads us to conclude there is no obvious temporal
control on these events. We see several events occurring on the same day in 2002, and even
more events if smaller, poorly located arrivals are included, so it is likely these events follow a
somewhat swarm-like behavior. We do not observe this type of behavior in 2009 but it is
possible due to the station spacing we are simply unable to record very small events and our
catalog therefore only includes the abnormally large (or exceptionally close) events (compare
station/event spacing in Fig. 4.3 and Fig. 4.4). We also do not observe anything similar to these
icequakes occurring in West Antarctica. With the station coverage available in 2010 we would
be able to detect icequakes of similar magnitude if they occurred. Since we do not record any
events we can conclude these icequakes occur much more frequently in East Antarctica, or may
be unique to the region.
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4.5.2 Ice Sheet Structure from Dispersion Analysis
The dispersion analysis demonstrates that the observed waveforms are compatible with
the known shear velocity structure of the ice sheet, and also shows that there are regional
variations. The results show that the firn layer of East Antarctica varies in thickness from a
minimum of 100 meters up to a maximum of 200 meters. The average thickness is about 100150 meters; in most inversions we reach the velocity of glacial ice (about 1.8 km/s) at about 130
meters (Fig. 4.8b; Fig. 4.8f). Our findings agree with the fact that the firn layer in East
Antarctica is typically in excess of 100 meters (van den Broeke, 2008). We can also see from the
events we are able to invert that shear velocity is laterally variable (compare Fig. 4.8b to Fig.
4.8f). Some models show low velocity zones within the ice sheet below the firn layer, however
it is not clear how well constrained they are and whether they are required by the data. If these
low velocity zones are real they may result from variations in seismic anisotropy with depth, as
ice core results (e.g. Albert 1998) do not generally indicate layers of low isotropic shear velocity
with depth.
4.5.3 Source Depth Constraints from Synthetic Waveform Modeling
Our synthetic modeling leads us to one main conclusion: the source must be located in
the upper 50 meters of ice. We limit our depth constraint to 50 m because we observe little
variation in amplitude ratios for depths 50 m or less, especially for non-implosion sources (Fig.
4.9a). Such a shallow depth (consistent with the depths assumed in other crevasse seismicity
studies such as Walter et al., 2009; Neave and Savage, 1970; Chichowicz, 1983) necessitates a
source well within the firn layer and precludes the possibility of either a basal or mid-ice source.
We can further conclude that regardless of chosen focal mechanism our constraint that the source
is located in the upper 50 meters of firn is robust (Fig. 4.9a; Fig. 4.9c).
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4.5.4 Interpretation in Terms of Ice Sheet Processes
We investigated the possibility of icequakes being associated with ice deformation
features on the surface, such as large-scale crevasse fields, especially those that boarder ice
streams and form where ice flows over large changes in topography. However, no such features
are visible on Landsat Image Mosaic of Antarctica (LIMA) satellite imagery of the region.
However, many events coincide with mapped small-scale surface crevasse features (Fig. 4.1; Fig.
4.3; Fig. 4.4; Byers, pers. comm. 2013). These small-scale features are shallow cracks located in
wind-glazed, low stress areas most likely the result of tension imposed on randomly oriented preexisting cracks within the wind-glazed surface (Byers, Stears, and van der Veen 2013). They are
a much smaller feature than traditional crevasses that can reach as far as 50 meters deep. Wind
glazed surfaces are found on the lee-ward slopes of ice sheet undulations and megadunes in areas
of near-zero net surface accumulation resulting from persistent katabatic winds (Scambos et al.,
2012). The name 'glazed' refers to their polished appearance. Vertical cracks, termed 'macrocracks', have been observed at many areas on the plateau most likely linked to areas of low net
surface accumulation (such as wind-glazed surfaces; Severinghaus et al., 2010). Macro-cracks
are small compared to traditional crevasses, only about 10 cm wide and are thought to form as a
result of thermal contraction during the winter when snow that is sufficiently hardened can
support the buildup of tensile stress and eventually fracture (Severinghaus et a., 2010). Macrocracks can enlarge due to sublimation and potentially form the observed wind-glazed crevasses.
Seismicity associated with traditional crevasse formation is well documented (Neave and
Savage, 1970; Walter et al., 2009) and indicates events must have shallow sources. In alpine
environments, where previous crevasse seismicity studies have focused, crevassing affects only
the uppermost 20 meters or so of ice (Walter et al., 2009). However, in East Antarctic we are
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dealing with an ice sheet several times thicker than the alpine glaciers studied and flowing under
completely different velocity, slope, and bed conditions so there is no reason to expect identical
behavior in crevasse formation. In addition to differences in glaciological setting, we are
investigating icequakes generated by a new type of crevasse feature which no one has previously
documented as producing seismic activity. The icequakes reported here should therefore be
expected to show variation in characteristics when compared to previously documented
seismicity associated with crevassing.
The location of the cluster of 2002 events (Fig. 4.2) is completely surrounded by mapped
wind-glazed crevasse features as is the area around the event on 2009.085 (Fig. 4.3). The strong
correlation between small-scale surface crevasses and seismic events suggests the two are linked.
The association with crevasse fields further supports a very shallow source depth. It is quite
possible the other icequakes are also associated with wind-glazed crevasse fields that have not
yet been identified through satellite imagery. In addition we do not observe any similarly sized
events in West Antarctica, although it is possible very small icequakes occur that are beyond our
detection capability. Icequakes of this magnitude associated with wind-glazed small-scale
crevassing appear to be unique to the East Antarctic ice sheet.
4.6 Conclusions
We report a previously unknown type of icequake event that we name 'firnquakes' located
within the East Antarctic Ice Sheet. We find events in two different field deployments on the
East Antarctic Interior: the 2009 GAMSEIS deployment and the 2002 TAMSEIS deployment.
The waveforms are characterized by dispersed 1-10 Hz Rayleigh waves, and the complete
absence of direct P and S waves. Analysis of the Rayleigh wave dispersion yields shear wave
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velocity structures that are compatible with shear velocity structures known from ice cores.
These results demonstrate that the waveforms represent Rayleigh waves propagating entirely
within the ice sheet. Waveform modeling shows that these arrivals must have been generated by
sources within the firn layer in the upper 50 meters of the ice sheet. Due to the shallow event
hypocenters and correlation to mapped crevasse locations we propose they are most likely
associated with wind-glazed crevasse activity (Fig. 4.1c; Fig. 4.3; Fig. 4.4). Future follow-on
studies of the source moment tensors may yield further insight into the physical processes
causing these events.
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Figure Captions
Figure 4.1 | Location of stations and events. (a) Map of stations used in study. Box shows
extent of c. (b) Map showing location of events and location of stations used in study. Box
shows extent of c. (c) Detailed map of events and stations plotted over MOA (Scambos et al.,
2007). Red crosses show locations of mapped crevasses by Byers (per. com. 2013).
Figure 4.2 | Examples of waveforms from several station/event pairings. Events and stations are
labeled in Fig. 4.3 and Fig. 4.4. Signals are bandpass filtered between 1 and 5 Hz.
Figure 4.3 | Detailed map of 2009 events and stations plotted over MOA (Scambos et al., 2007),
events and stations from Fig. 4.2a, Fig. 4.2b, and Fig. 4.8 are circled and labeled. Red crosses
show locations of mapped crevasses by Byers (per. com. 2013).
Figure 4.4 | Detailed map of 2002 events and stations plotted over MOA, event and station from
Fig. 4.2c are circled and labeled (Scambos et al., 2007). Red crosses show locations of mapped
crevasses by Byers (per. com. 2013).
Figure 4.5 | Processing windows for polarization program. (a) Filtered waveforms (N/S and
E/W components only). (b) Eigenvalues and azimuth directions, maximum indicated by red
arrow.
Figure 4.6 | Example of retrograde particle motion between the radial and vertical components.
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Figure 4.7 | Example of processing window for MFT analysis. Colors and contours represent
spectral amplitude,, hot colors are highest amplitude. Black symbols represent local peak
spectral values after a 2D search over group velocity-period grid. White symbols are selected
dispersion values (Herrmann, 2013).
Figure 4.8 | Examples of inverting the observed dispersion curves for shear velocity structure for
two station/event pairs. (a) Waveform for event 2009.085 station N198. (b) The input model
(blue) and final s-velocity inversion model (red) for 2009.085/N198. (c) Shows the fit of the
dispersion curve model (line) to the data (triangles) for 2009.085/N198. (d) The resolution
matrix for the s-velocity inversion for 2009.085/N198, top three layers show significant tradeoff. (e) Waveform for event 2009.090 station GM05. (f) The input model (blue) and final svelocity inversion model (red) for 2009.090/GM05. (g) Shows the fit of the dispersion curve
model (line) to the data (triangles) for 2009.090/GM05. (h) The resolution matrix for the svelocity inversion for 2009.090/GM05, top two layers show significant trade-off.
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Figure 4.9 | Synthetic modeling comparisons. (a) Depth comparison for 2009.085 station P116.
Red line shows the ratio between the observed Rayleigh waves and background noise. Other
lines shows the ratio of synthetic Rayleigh to body waves with increasing depth for four focal
mechanisms. The ratio of synthetic Rayleigh wave to body waves are only able to approach the
ratio of observed Rayleigh wave to noise that would be necessary for body waves to be observed
above the noise for the shallowest sources (h < 50 m). (b) Comparison of modeled synthetic
waveforms for various depths (1m, 100m, 300m, 750m) to observed data for event 2009.085
recorded at P116. Waveforms are vertical component with a 0.9-5 Hz bandpass filter applied
normalized to maximum value. Largest value is the maximum Rayleigh wave except in 750
meter case. Implosion focal mechanism used to generate synthetics. (c) Comparison of
synthetic waveforms for various focal mechanisms at 50 meters depth for event 2009.085
recorded at P116. Waveforms are vertical component with a 0.9-5 Hz bandpass filter applied
normalized to maximum value. Largest value is the maximum Rayleigh wave.
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Table Legends
Table 4.1 | Event Information
Table 4.2 | Starting model for s-velocity inversion.
Table 4.3 | Example structure models used for reflectivity synthetic modeling (modified output
from s-velocity inversion).
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Tables
Table 4.1 | Event Information
Date
Julian
MN/DY/YR Day

3/26/2009
3/31/2009
4/5/2009
4/17/2009
4/21/2009
4/27/2009
7/12/2009
8/5/2009
8/17/2009
1/28/2002
1/30/2002
1/30/2002
1/31/2002
1/31/2002
1/31/2002
2/1/2002
3/3/2002
3/4/2002
3/6/2002
3/8/2002

085
090
095
107
111
117
193
217
229
028
030
030
031
031
031
032
034
035
037
039

Origin
Time

09:08:32
18:45:42
07:25:32
11:18:53
06:16:29
10:36:52
15:43:35
04:31:01
18:39:28
08:30:24
09:18:02
19:31:02
14:05:44
18:15:19
06:15:09
08:06:42
17:30:29
11:00:25
08:49:56
10:26:53

Latitude Longitude Uncertainty Number Number
ML
(°)
(°)
1σ (km)
Arrivals Azimuths (median)

-78.79
-80.29
-77.60
-79.89
-78.69
-82.43
-84.93
-81.37
-78.09
-82.72
-79.93
-82.02
-81.68
-81.76
-82.03
-81.76
-80.29
-82.20
-81.85
-82.02

73.79
54.30
73.77
74.27
74.00
72.38
129.62
84.53
70.24
131.47
128.04
130.75
131.47
131.12
132.19
130.42
133.84
130.73
131.47
130.75
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11.13
27.72
39.04
66.68
2.67
96.05
30.63
71.31
6.17
2.97
4.89
2.26
16.93
8.23
1.66
5.59
11.13
3.75
3.02
<5

13
19
7
7
11
8
13
10
7
6
5
6
5
5
6
5
5
5
5
7

10
18
5
6
8
5
11
4
5
6
5
5
5
5
4
5
3
5
5
6

2.30
2.38
1.70
1.99
1.55
1.45
2.92
1.71
1.44
1.78
1.49
1.57
1.24
1.52
1.46
1.41
0.39
1.58
1.52
1.67

Table 4.2 | Starting model for s-velocity inversion.
Depth
(m)
50
100
200
300
550
800
1050
½ Space

P Velocity
(km/s)
2.909
3.382
3.927
3.927
3.927
3.927
3.927
3.927

S Velocity
(km/s)
1.491
1.745
2.000
2.000
2.000
2.000
2.000
2.000

Density
(g/cm3)
0.691
0.800
0.945
0.945
0.945
0.945
0.945
0.945
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Table 4.3 | Example structure models used for reflectivity synthetic modeling (modified output
from s-velocity inversion).
2009.085 N198
Depth (km)
P Velocity (km/s)
0.00
2.8569
0.05
3.2882
0.10
3.5818
0.20
3.4317
0.30
3.6387
0.55
3.5871
0.80
3.5656
1.05
3.7431
2.60
3.9506
2.60
5.8137
15.02
5.8000
15.02
6.1605
2009.090 GM05
Depth (km)
P Velocity (km/s)
0.00
3.3423
0.05
3.5701
0.10
3.8004
0.20
3.8536
0.30
3.8508
0.55
3.8586
0.80
3.8277
1.05
3.8199
2.60
3.9506
2.60
5.8137
15.02
5.8000
15.02
6.8161
2009.085 P116 no LVZ
Depth (km)
P Velocity (km/s)
0.00
1.9738
0.05
2.7363
0.10
3.4151
0.20
3.4158
0.30
3.5372
0.55
3.5504
0.80
3.5602
1.05
3.7474
2.60
3.9506
2.60
5.8137
15.02
5.8000
15.02
6.8161

S Velocity (km/s)
1.4641
1.6966
1.8234
1.7492
1.8538
1.8258
1.8175
1.9002
2.0008
3.2076
3.2000
3.9092

Density (g/cm3)
0.6603
0.7661
0.8346
0.7996
0.8478
0.8356
0.8306
0.8719
0.9446
2.5939
2.6000
2.8932

Qp
200
200
200
400
400
400
400
400
500
1350
1456
1350

Qs
90
90
90
180
180
180
180
180
225
600
600
600

S Velocity (km/s)
1.7135
1.8421
1.9360
1.9620
1.9611
1.9635
1.9472
1.9455
2.0008
3.2076
3.2000
3.9092

Density (g/cm3)
0.7788
0.8319
0.8855
0.8979
0.8972
0.8989
0.8917
0.8899
0.9446
2.5939
2.6000
2.8932

Qp
200
200
200
400
400
400
400
400
500
1350
1456
1350

Qs
90
90
90
180
180
180
180
180
225
600
600
600

S Velocity (km/s)
1.0106
1.4118
1.7403
1.7403
1.80033
1.8073
1.8133
1.9048
2.0008
3.2076
3.2000
3.909

Density (g/cm3)
0.4558
0.6375
0.7956
0.7957
0.8240
0.8272
0.8295
0.8729
0.9446
2.5939
2.6000
2.8932

Qp
200
200
400
400
400
400
400
400
500
1350
1456
1350

Qs
90
90
180
180
180
180
180
180
225
600
600
600
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Chapter 5
Conclusions
In this dissertation I have presented the first comprehensive report on the seismicity of
Antarctica using data collected by year-round recording autonomous instruments installed on the
continent itself. In Chapter 2 I presented the high frequency seismicity of Antarctica in 20092010 and the long period seismicity of Antarctica in 2009-2011. I showed that Antarctica has a
higher level of seismicity than previously reported and a greater variety of seismic sources than
many regions. We identified tectonic earthquakes in East Antarctica that are most likely
intraplate earthquakes on a stable craton, icequakes related to alpine glaciers, icequake events
related to iceberg calving, icequake events related to rapid ice movement in West Antarctica,
tectonic events related to volcanism in West Antarctica, and no evidence of tectonic events in
West Antarctica associated with active rifting. The only long period seismicity with recurring
events found were those sources previously known: glacier calving events and the tidally
modulated slip of the Whillans Ice Stream.
Chapter 2 cataloged the seismicity of Antarctica recorded in 2009-2010 and was partly
meant to be a basis for future studies. In chapters 3 and 4 I investigated particular observations
in further detail. In Chapter 3 I studied and interpreted a cluster of events, identified as deep
long period events associated with the continuing magmatic activity of the Executive Committee
Range in Marie Byrd Land. I presented several lines of evidence supporting the claim that the
current location of magmatic activity coincides with the cluster of seismic events recorded in
2010-2011. The presence of a active subglacial volcanic complex naturally led us to question
what the impact of future eruptions might be on the overlying ice sheet. Further study in
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conjunction with the glaciology and modeling communities will be necessary to fully answer that
question. In Chapter 4 I introduced a new type of icequake found in East Antarctica associated
with small-scale crevassing found in wind-glazed regions. These icequakes have been found to
be unique compared to other seismicity associated with crevassing such as that seen in alpine
glacier environments. To date no other researchers have reported observing such events. It is
possible similar events may be present in other areas but are smaller in magnitude and therefore
below the current detection thresholds.
In this dissertation I have presented the story of the seismicity of Antarctica. It is a story
that has gone in different directions than early researchers expected, and is continually evolving
as more data becomes available. This work is in part a foundation for future studies and
hopefully will lead to many new and interesting discoveries.
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